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Abstract 


Transport engineering is one of the areas in which coatings for various func- 
tional purposes are widely used. Among the many methods used for coating, the 
group of vacuum-plasma methods occupies one of the leading directions in the 
field of obtaining coatings with unique characteristics that make it possible to 
significantly increase the operational characteristics of machines and mechanisms 
lay down new design solutions for their improvement. The monograph presents 
the results of the development and practical implementation of new nanomaterials 
and nanotechnologies for the deposition of Avinit coatings for various functional 
purposes. A distinctive feature of the presented developments is the integrated use 
of various vacuum-plasma and plasma-chemical coating methods (vacuum-arc, 
magnetron), vacuum-plasma processing and diffuse surface saturation. The expe- 
rimental and technological equipment created for this — the Avinit vacuum-plas- 
ma automated cluster — makes it possible to implement various methods of coat- 
ing deposition, combined into one technological cycle. In the monograph, much 
attention is paid to the results of experimental studies of obtaining coatings of vari- 
ous compositions and the study of their tribological characteristics in friction pairs 
with such coatings, as well as other properties. The issues of stability of characte- 
ristics of coatings in time are considered, as well as the criteria for such stability. 
Based on the research carried out, a number of experimental industrial technolo- 
gies for applying coatings for various functional purposes (reinforcing anti-seize, 
protective) on parts of transport engineering (pistons and rings of internal com- 
bustion engines, fuel equipment, etc.) have been developed, examples of the suc- 
cessful application of the developed technologies in mass production are given. 
aeronautical and other purposes The monograph also discusses the issues of creat- 
ing highly efficient tools for processing machine parts and mechanisms, including 
with precision accuracy, and presents the results of developments in this area. 

The book is intended for specialists working in the field of ion-plasma mo- 
dification of the surface of materials and the application of functional coatings 
on parts of transport engineering and other industries. 
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Preface 


The monograph offered to the reader is intended for specialists 
working in the field of surface modification of materials and the applica- 
tion of functional coatings on parts of transport engineering and other 
industries. Among the many methods that are used for coating, the group 
of vacuum-plasma methods occupies one of the leading directions in the 
field of obtaining coatings with unique characteristics that make it pos- 
sible to significantly increase the operational characteristics of machines 
and mechanisms, lay down new design solutions for their improvement. 
A distinctive feature of the presented developments is the integrated use 
of various vacuum-plasma and plasma-chemical methods of coating (vac- 
uum-arc, magnetron), vacuum-plasma processing and diffusion surface 
saturation. The experimental and technological equipment created for 
these purposes — the Avinit vacuum-plasma automated cluster — makes it 
possible to implement various methods of coating deposition, combined in 
one technological cycle. On the basis of the research carried out, a number 
of experimental and industrial technologies for applying coatings of vari- 
ous functional purposes (strengthening, anti-seize, protective) on parts of 
transport engineering (pistons and rings of internal combustion engines, 
fuel equipment, etc.) have been developed. Examples of the successful ap- 
plication of the developed technologies in the mass production of aviation 
technical and other products are given. The monograph also discusses the 
issues of creating highly efficient tools for processing machine parts and 
mechanisms, including with precision accuracy, and presents the results of 
developments in this area. 

The book is intended for specialists working in the field of ion-plasma 
modification of the surface of materials and the application of functional 
coatings on parts of transport engineering and other industries. 


xiv 


Introduction 


Improving the quality of engineering products is one of the main 
factors in the development of the Ukrainian economy. At present, the 
restoration and development of the production of internal combustion 
engines (ICE), which are one of the most complex mechanical engineering 
products, requires achieving and exceeding the world level of their quality. 
The high level of competition in the world market, the constant increase 
in requirements for environmental performance of production and opera- 
tion, efficiency, overall performance, reliability and service life of internal 
combustion engines, necessitate the development and development of new 
design solutions, progressive technologies, materials and coatings with an 
increased level of technical characteristics [1]. 

For the reliable operation of the internal combustion engine, materials 
must have high strength indicators of plasticity, resistance to fatigue and 
corrosion damage, heat resistance and heat resistance, etc. One of the most 
important characteristics of materials for parts of friction pairs of internal 
combustion engines are the characteristics of antifriction properties, seize 
resistance and wear resistance. These indicators largely determine the tech- 
nical and economic level, reliability and durability of the internal combus- 
tion engine, the ability of highly loaded parts to withstand overloads due to 
the modern level of forcing. 

One of the main causes of wear in metallic materials is the tear of 
rubbing surfaces. With an unfavorable ratio of materials of parts in contact, 
their thermodynamic state, structure and mechanical properties, the forma- 
tion of build-ups, scoring, galling, catastrophic damage to friction surfaces 
and wear occurs. 

Various means are used to prevent tear or reduce damage to an accept- 
able level [2]: 

= choose a combination of materials for rubbing pairs with a minimum 

adhesion according to the compatibility criteria [3, 4]; 

= alloying metals in order to reduce the tear ability and increase the 

extreme pressure properties; 

™ increase the rigidity of the damaged surfaces by appropriate heat 

treatment; 

=™ change the composition and condition of the surface layers by 

chemical-thermal treatment (carburizing, nitriding, sulfiding, etc.) and 

surface modification (laser, electron-beam hardening, coating); 
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=" acoating of soft metals (In, Cd, Sn, Ag, Cu, brass, etc.) is applied on 

the friction surface; 

= introduce soft components (Pb, Sn) into antifriction alloys; 

=™ use materials that perform the functions of a solid lubricant (graphite, 

molybdenum disulfide, etc.); 

= for the manufacture of rubbing parts, materials are used that have 

low adhesion relative to the counterbody material (carbon-graphite 

antifriction materials, ruby, oxide ceramics, diamond). 

However, traditional methods of chemical-thermal treatment have sig- 
nificant drawbacks — a significant duration of processes, the need for final 
machining of hardened surfaces, energy consumption, a negative impact 
on the environment, the threat of unwanted flooding, and many others, in 
particular, the need to carry out strengthening treatments in various tech- 
nological production cycles. 

Alloying the base material of the parts is not always advisable, since it 
leads to their rise in price, while the requirements for the properties of the 
base materials and working surfaces may differ significantly. In connection 
with a sharp difference in the requirements for the material properties of 
parts of friction units in the volume and in a thin surface layer, which de- 
termines the parameters of friction and wear, it is more and more important 
to use new technologies for applying protective, wear-resistant, antifriction 
and running-in coatings. expanding the possibilities of forming working 
layers that meet the compatibility criteria, as well as achieving mainte- 
nance-free machines with a comprehensive solution to the problem of 
a sharp multiple increase in the resource of parts with full consideration of 
all boundary states [5]. 

Exceeding the permissible wear values of such parts in operation leads 
to a loss of engine power, an increase in harmful emissions into the atmo- 
sphere, noise, vibrations, dynamic loads, excessive losses of fuel, oils and 
other undesirable consequences. 

Methods of creating second protective structures of a dissipative type 
during the running-in period and the initial stages of testing and operation 
of machines and mechanisms are of greatest interest from the point of view 
of achieving the required set of tribotechnical properties for the near- 
surface layers of parts of friction units. From the point of view of thermody- 
namics, such structures are nonequilibrium, and practically all processes 
that increase the tribological compatibility of materials are nonequilibrium. 
Such non-equilibrium processes also increase the self-organization of the 
secondary protective structure [6]. 

The tendencies in the development of engine building indicate that the 
power and temperature loads in the contact zone of the parts of friction units 
are constantly increasing. Therefore, for protective coatings, it is advisable 
to use metal-like carbides, nitrides, borides, silicides of refractory transition 
metals (Mo, Nb, Ti, Zr, etc.), as well as oxide and oxygen-free compounds 
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of boron, aluminum, silicon (BN, ByC, AIN, AloO3, SiC, SisNu, etc.). Due to 
the high non-technological nature, the manufacture of parts from such com- 
pounds in most cases is impractical or economically unprofitable. 

This monograph is devoted to solving the problems of modern engine 
building in the reliability and durability of ICEs produced, which can pro- 
vide technologies for modifying the surface layers of contacting materials 
and applying wear-resistant and antifriction coatings to improve the tribo- 
technical characteristics of friction pairs. 

In connection with a sharp difference in the requirements for the ma- 
terial properties of parts of friction units in the volume and in a thin surface 
layer, which determines the parameters of friction and wear, it is more and 
more important to use new technologies for applying protective, wear-re- 
sistant, antifrictional and running-in coatings. expanding the possibilities 
of forming working layers that meet the compatibility criteria [3], as well 
as achieving maintenance-free machines with a comprehensive solution to 
the problem of a sharp multiple increase in the resource of parts with full 
consideration of all boundary states [4]. 

A successful solution to the problems posed is provided by the tech- 
nologies for modifying the surface layers of contacting materials and the 
application of wear-resistant and antifriction coatings to improve the tribo- 
technical characteristics of friction pairs. 


Methods for creating layers with 
increased wear resistance 


The conflicting requirements for surface (high rigidity and wear re- 
sistance, high antifriction properties) and bulk (high strength and tough- 
ness) properties can be met by creating compositions with a layer-by-layer 
arrangement of materials that perform various functions. Due to the fact 
that the permissible wear of machine parts is small (usually no more than 
a particle of mm), the thickness of the surface layer with a given set of tribo- 
technical properties can be small. 

The deposition of coatings on one or the other materials not only im- 
proves their characteristics, but leads to the formation of a new composite 
material with a set of parameters inherent in it [7, 8]. 

Many works are devoted to the study of the wear resistance of va- 
rious coatings on the working surfaces of machine parts used in friction 
pairs [7-13]. 

In order to increase wear resistance and antifriction properties on 
the working surface of the piston made of G-AISi (Cu) alloy to the motor 
of the tractor engine SMD-14, D37-14, etc. anodic oxidizing coatings with 
a thickness of 20-30 microns were applied, which did not undergo notice- 
able destruction during engine tests for 2000 hours at an exhaust gas tem- 
perature of 530 °C. 

In [7], the wear resistance and antifriction properties of anodized coat- 
ings on pistons made of the aluminum alloy GK-AISi12 (Cu) (Si — 12.7 %, 
Mg — 1.2%, Cu — 1.1%, Ni — 1%) were studied. It is shown that sufficient- 
ly high antifriction properties of anodized piston anodic coatings contribute 
to an increase in the efficiency of a diesel engine and its economy by 1.5 %. 

Coatings based on the cermet Cr-Ni-Si-B, which are characterized by 
high hardness, exhibit good seize resistance. The work [14] provides data 
on the effect of cermet coatings on the resistance to seize under dry fric- 
tion conditions. Coatings were applied to X10CrNiTi18-9 steel specimens 
by surfacing (enameling) in a protective atmosphere (argon, vacuum). 
The coating thickness was 250—300 microns. The coating of the com- 
position (% weights): 1M — 20 Cr, 70 Ni, 5 Si, 5 B and the coating of BM 
based on chromium boride with a binder of the previous composition 
60 CrB2+ 40 (Cr-Ni-Si-B) were studied. Stelite surfacing on X10CrNiTi18-9 
base was used as a reference. Before testing, the samples were rubbed on 
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a cast iron plate until the roughness of the rubbing surfaces was obtained 
according to class 8. The specific load was set to 125 kgf/cm?. The resulting 
coatings had a heterogeneous structure in which chromium boride particles 
are cemented with a metal binder. Chromium beard, distinguished by its 
very high rigidity, favorably affects the resistance of the coating to seize. 

Table 2.1 shows the test results for X10CrNiTi18-9 steel galling with 
heat-resistant coatings [14]. 





O Table 2.1 Test results for X10CrNiTi18-9 steel galling with coatings 


Type of coating of the sample Test mode 
of the top of the bottom pee eae ee ae 
ai ti 20 50 No burr 
20 100 Burr 
20 50 = 
stealth G BM 20 Ho) No burr 
20 100 - 
20 50 = 
stealth C BM 20 PS) No burr 
20 100 — 
stealth C BM 300 2) stealth 


As it is possible to see from the Table 2.1, 1M coating is resistant 
to seize under normal temperature conditions at specific loads up to 
100 kgf/cm?. Specimens coated with BM, when tested on stelite, showed 
high resistance to seize. At a temperature of 20 °C and loads of 50, 75, 
100 kgf/cm?, the samples consistently withstood 900 cycles without scoring, 
at a temperature of 300 °C and a specific load of 25 kgf/cm? — 300 cycles, 
and as a result of these tests, seizes appeared deposited with stelite. The 
higher galling resistance of the BM samples is, perhaps, due to the higher 
concentration of chromium boride. 

Among the coating methods, a special place is occupied by methods of 
forming coatings from ionized atomic and molecular flows. 

‘Vacuum ion-plasma methods based on the action on the surface layers 
of streams of neutral and excited particles (atoms, clusters) with high ener- 
gy, tens and hundreds of times higher than the energy of thermal atoms and 
molecules, and ions, the energy of which can vary in wide layers. 

When such high-energy particles come into contact with the surface to 
be coated, conditions are created in microvolumes that ensure the formation 
of chemical bonds without volumetric heating of parts. In this case, the ap- 
plication of coatings is possible at significantly lower temperatures. 
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The ability to change the energy of ionized particles of the flow of con- 
densed matter over a wide range (from units to hundreds of thousands of eV) 
makes it possible to effectively influence most of the practically important 
characteristics of coatings (density, adhesion, structure, and others) and 
thereby achieve high values of the corresponding indicators. Another im- 
portant feature that distinguishes ion-plasma methods is the ability to create 
multicomponent composite materials under nonequilibrium conditions of 
their formation. It becomes possible to obtain superhard compounds (car- 
bides, nitrides, oxides and their compounds) by plasma-chemical synthesis 
at lower temperatures, to form amorphous structures or metastable phases, 
chemical compounds that cannot be reproduced by other methods. This is 
a prerequisite for creating materials with higher, sometimes unique, proper- 
ties compared to existing materials. 

Three groups of vacuum ion-plasma methods of coating and surface 
modification can be distinguished: 

= lon-diffusion saturation (ion nitriding, carbidization, etc.), used to 
saturate the surface layers with nitrogen, carbon, silicon, obtain car- 
bonitride layers. Due to the radiation stimulation processes, saturation 
can be performed at lower temperatures and at significantly faster rates 
than with traditional methods. 
= Ion deposition, in which particles of the applied material, converted 
in one way or another into a gaseous or vapor state, are ionized and ac- 
celerated in an electric field — vacuum arc spraying, magnetron sput- 
tering, reactive electron plasma sputtering, atomic ion sputtering, etc. 
An increase in the energy of particles, set by the accelerating voltage, 
significantly increases the adhesion and service characteristics of the 
coatings. With magnetron sputtering carried out in crossed electric 
and magnetic fields, there is practically no droplet component of the 
condensed phase, which makes it possible to apply a coating without 
distorting the original surface quality. 

= Ion doping and implantation, based on the phenomenon of the 

deepest penetration of ions into the crystal lattice at high energies. Due 

to radiation-stimulated diffusion, surface modification and alloying of 
surface layers are carried out to a considerable depth. 

With reactive methods of ion deposition, plasma-chemical reactions 
take place with ions of working gases, which are introduced into the re- 
action chamber, which makes it possible to obtain a coating from various 
chemical compounds (carbides, nitrides, silicides, etc.). Thus, it is possible 
to obtain a coating of a complex composition, multilayer, composition vary- 
ing in thickness, etc. When using reactive plasma-chemical methods of ion 
deposition, the formation of coatings occurs in non-equilibrium conditions, 
as a result of which chemical compounds can be formed, which in compo- 
sition, structure and properties are very different from bulk materials (ob- 
tained under equilibrium conditions). 
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The main characteristics of coatings, which determine its main tri- 
bological functions in the process of friction, include wear resistance and 
coefficient of friction. 

A large amount of experimental material on the effect of various vacu- 
um-plasma coatings on tribological characteristics is summarized in [15-17]. 

Studies of wear resistance and frictional properties of friction surfaces 
of the most common TiN coating and some others, obtained by vacuum arc 
spraying on structural and tool steels [18, 19], have shown their high wear 
resistance and the possibility, at the same time, of obtaining relatively low 
values of the friction coefficients of coatings paired with some materials, 
in particular, with gray alloy cast iron used in the manufacture of cylinder 
liners for diesel locomotives. 

Studies of the phase composition of coatings obtained by vacuum 
ion-plasma methods of titanium deposition in a nitrogen atmosphere reveal 
the presence of three phases depending on the nitrogen pressure — a-i, €-i2N 
and 6-iN. The value of the partial pressure of nitrogen at which is realized 
and either the other phase, or their combination, depends on the equipment 
and its characteristics and conditions for the formation of a coating on the 
substrate, among which the temperature and bias potential have the greatest 
influence. The partial pressure of nitrogen, at which titanium nitride phases 
are already found in the coatings, is located at the boundary, about 1-10 Pa. 

An increase in the partial pressure of nitrogen is accompanied by 
a transition from the heterophase composition of the coating, followed by 
the disappearance of the o-Ti, ¢-i2N phases, to the single-phase state 6-iN. 
This transition can occur even when the total nitrogen concentration rea- 
ches ~38—40 atm. %, Which is close to the limit of homogeneity 6-iN. 

One of the characteristics widely used to assess the strength of coatings 
is their microhardness. 

As studies of coatings with the Si-composition have shown, there is 
a fairly good correlation between the change in the phase composition of 
the coatings and the course of the curve of the dependence of the micro- 
hardness value on the nitrogen concentration in the coatings or the partial 
pressure at which the coating was obtained. Although there is a discre- 
pancy in the absolute values of microhardness, which are given by different 
authors, the maximum microhardness (~28-32 GPa) falls on the range of 
nitrogen concentrations corresponding to the heterophase composition 
of the coatings. It is these coatings that show the maximum wear resistance 
under dry friction conditions, where abrasive wear is the predominant cause 
of destruction of the contacting surfaces. 

In this case, it is also necessary to take into account the structural, 
orientational and other characteristics that determine the physical and me- 
chanical properties of the coating as a whole. 

The application of coatings of TiN, CrN, MoN with a thickness of 
2—5 microns makes it possible to increase the durability of the plunger pairs 
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by 5 times, the service life — by 2-2.5 times, improve the running-in and 
wear resistance. 

Promising results were obtained when working coatings of TiN, CrN, 
MON with a counterbody of gray cast iron, bronze CuAl8Fe3. 

When friction with steel, single-layer TIN, TICN, MoN coatings have 
high wear resistance. 

The development of plasma technologies made it possible to control 
with a high degree of accuracy the pressure and composition of the reaction 
gas, the degree of focusing of the plasma flow and its separation from the 
droplet phase. All this contributed to the development of technologies for 
obtaining composite coatings. 

Controlling the technological process of coating molding makes it 
possible to obtain compositions with variable properties depending on the 
percentage of components. A change in the composition of the coating 
leads to a change in stiffness, coefficient of friction, surface roughness, etc. 
characteristics, allowing to achieve optimal coating properties for solving 
specific problems. 

A coating of multicomponent nitrides shows good results [19]. Such 
systems (TiCrN, TiMoN, NbZrN) have high thermodynamic stability, ac- 
ceptable values of hardness and toughness, significantly exceeding brittle 
oxides, carbides, borides. 

Multicomponent nitride coatings containing aluminum show a signifi- 
cant increase in performance [20, 21]. 

One of the types of such coatings is TiAIN. This coating has high rigi- 
dity and temperature resistance. The coating is characterized by increased 
elasticity, which significantly reduces the possibility of chipping from the 
working surface. 

During the formation of functional wear-resistant, antifriction and 
other layers that are in direct contact with the counterbody during opera- 
tion, recently, composite coatings such as (TiAl) N, (TiCr) N, (MoAI) N have 
been intensively studied [22-25]. 

Low friction coefficients give two-layer, multilayer and composite coat- 
ings TIN+ Mo, TiN + Ti, TIN + bronze. 

In order to clarify the possibility of using composite coatings in friction 
units, the tribotechnical properties of composite coatings Ti-Cu-N, Ti-Al-N, 
Mo-AI-N, obtained by the vacuum arc method, have been investigated. 

The coatings were applied to samples made of nitrided steel 1.8509. The 
tests were carried out on friction machine in M14B2 oil, temperature 340K, 
load 1.0 KN, test time 1 hour. Roughness of coatings Ra=0.32—0.64 microns. 
Table 2.2 shows the values of volumetric and weight wear «coating-bronze 
Br 012 (Sn 12 %)». 

As can be seen from the data presented, all the studied composite 
coatings significantly increase the wear resistance of the sample — shoes, 
in addition, provide a low wear capacity of the coating. 
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O Table 2.2 Results of studying the wear of a «coating-bronze Br 012» pair 


Se The thick- The average The average The coef- 
The composition : : as 
Of ihecoating ness of the | weight wearof weight wear of ficient of 
coating, um thecoating V,,g the shoe Vi, g friction Fr, 
Ti-Al-N 10 0.0001 0.0099 0.008 
Ti-Cu-N 10 0.0001 0.0055 0.032 
Mo-Al-N 10 0.0001 0.0015 0.03 
without coating - 0.010 0.0072 0.07 


The aluminum concentration in the Ti-Al-N coating has a significant 
effect on the coefficient of friction F;,. The smallest values of the coefficient 
of friction are realized when the 
concentration of aluminum in the 


Oo 


coating is 10-15 % (Fig. 2.1). F, 
The use of composite coatings ane 
paired with bronze Br 0.12 leads : 
to a decrease in the coefficient of 0.07 
err : ge ; 1 
friction, in addition, provides a low 0.06 2 
wear Capacity of the coating. 
A good set of properties is 0.05 
realized on TiN-bronze coated spe- 7 4S 1015 20 
cimens. They turn out to be practi- Al,% (mass) 


cally wear-resistant, like TiN, but 
have several times lower wear ca- 
pacity. Multilayer TiN-a-Ti coat- 
ings are characterized by a more 





O Fig. 2.1 Dependence of Fy, 
on the aluminum content at loads: 
1-0.6 kN, 2-1.8 kN 


stable coefficient of friction. 

Table 2.3 shows the values of the friction coefficients Fy, averaged for 
each coating over all loads, the average weight wear of the coating V, during 
the test, the maximum depth of the wear groove h, as well as the highest 
specific load in the friction zone (lubricant M14B2, V=1.3 m/s, friction pair 
«coating-sleeve cast iron», test time 1 hour). 

Comparison of the above results shows that composite coatings have 
the highest wear resistance. These coatings are also characterized by 
a minimum measurable wear value. During testing, they wear out to a depth 
of 0.7-0.9 microns. Composite coatings are also characterized by a more 
stable coefficient of friction. 

Coatings of the Ti-AI-N system have higher values of rigidity and 
temperature resistance than Ti-N. Such coatings as TiCrN, TIMoN, NbZrN 
are characterized by high thermodynamic stability, rather high values of 
stiffness and toughness, significantly exceeding the corresponding brittle 
oxides, carbides, borides. 
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O Table 2.3 Results of studying the friction and wear of composite coatings 


Chrome 


Coating TiN Ti-Al-N  Ti-Cu-N Mo-Al-N 
(galvan) 
Thickness, um 10 10 10 10 10 
Pe 0.10 0.11 0.05 0.064 0.067 
h, wm Deo) 1.8 0.7 0.9 0.8 
Veng 0.019 0.008 0.003 0.003 0.004 


Maximum specific load in 


oincuonvone Nips 18100 25000 30760 28570 26700 


Coatings of the Ti-AIl-N system have higher values of rigidity and 
temperature resistance than Ti-N. Such coatings as TiCrN, TIMoN, NbZrN 
are characterized by high thermodynamic stability, rather high values of 
stiffness and toughness, significantly exceeding the corresponding brittle 
oxides, carbides, borides. 

Vacuum-arc coatings, which have found wide application for increas- 
ing the durability of cutting tools, possessing high hardness, wear resistance 
and thermal stability, are practically not used in friction units of machine 
parts, mainly due to the high level of wear of the counterbody. 

Studies in the field of creating new materials with record characteris- 
tics in terms of wear resistance, the ability to work in extreme conditions 
show the high prospects of composite coatings, which are multilayer and 
nanolayer coatings — a number of alternating different compositions and 
thicknesses with structural elements that have sizes from several hundred. 
to units of nanometers. 

Such materials, in comparison with materials of the same composition 
with a conventional structure, can have several times higher corresponding 
characteristics in terms of tribological and other properties. With the correct 
choice of the layer design, one can hope for the creation of coatings that 
combine the high wear resistance of the coating and the low wear of the 
counterbody. 

An example of such composite coatings is, for example, TiN-AIN-TiAIN. 
The thickness of each layer can vary from a few nanometers to a few microns. 

When microdesigning multilayer coatings, it is advisable to create soft 
interlayers before applying hard coatings. The soft layer increases the adhe- 
sion of the coating to the substrate, ensures the presence of a large positive 
gradient of mechanical properties in the coating, which is a good condition 
for normal operation under friction conditions. Such layers prevent the 
propagation of cracks that occur during operation. Usually chromium, mo- 
lybdenum, o-Ti are used as soft sublayers. 

The creation of composite coatings with intermittent layers makes it 
possible to increase the rigidity and reduce the abrasive wear of the result- 
ing coating. 
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Multilayer composite coatings have advantages in some cases over 
mono coatings, for example, in friction units. Yes, vacuum-arc TiN coatings, 
although they have high wear resistance and thermal stability, often cause 
increased wear of the counterbody. At the same time, composite coatings of 
the CrxN-TiN type can be combined with increased rigidity with low wear 
of the counterbody. 

The work [22] shows the possibility of increasing the wear resistance of 
samples made of NiCrMoV6 55 steel with a low tempering temperature by 
applying a vacuum-arc method of multilayer CrxN-TiN coatings followed 
by heat treatment. Multilayer CrxN-TiN coatings [22-25] combine high 
wear resistance of the coating and low wear of the counterbody. 

Application of multilayer CrxN-TiN coatings containing up to 20 alter- 
nating layers (thickness ratio CrxN:TiN=5:1) with a total thickness of up to 
3 microns with preliminary treatment of the coated surface with chromium 
ions. The wear of such coatings is 2...2.5 times less compared to single-layer 
CrxN coatings. 

In [24, 25], it is noted that the rigidity and strength of a multilayer 
coating increases with a decrease in the thickness of individual layers. 
So, if single-layer TiAlCrN coatings have a hardness of 24 GPa, then multi- 
layer TiAIN-CrN coatings with layer thicknesses of 15 and 6 nm, respective- 
ly, have a hardness of 35 GPa. 

A very promising method is duplex treatment, which combines in 
a single technological cycle plasma nitriding in a two-stage vacuum arc 
discharge (TVAD) with the formation of sufficiently thick nitride layers 
with high hardness, heat resistance and crack resistance, followed by depo- 
sition [26, 27]. 

Thus, in terms of the totality of properties, composite coatings are the 
most interesting and promising for industrial applications. 
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3.1 Experimental equipment — Avinit vacuum-plasma 
cluster 


All experimental-research and pilot-industrial developments on the ap- 
plication of functional multilayer composite coatings on parts with surfaces 
of various geometries with precision processing were carried out by us on 
the developed and created experimental-technological equipment — the 
automated vacuum-plasma cluster Avinit, which makes it possible to imple- 
ment complex methods. coating and ionic surface treatment combined in 
one technological cycle. 

Vapor deposition methods (CVD and PECVD): 

Vacuum arc coating method. 
Magnetron coating method. 
Electron beam coating method. 
Plasma diffuse saturation methods. 

= lIon-plasma cleaning methods. 

A detailed technological vacuum-plasma automated cluster Avinit with 
high energy saturation with power sources of various types (gas-phase and 
vacuum-arc evaporators) for obtaining multicomponent multilayer coatings 
is described in [28-31]. 

It consists of several functional blocks (Fig. 3.1): 

1. Avinit C block (methods of modernized vacuum-arc coating) for ob- 
taining hard and superhard multilayer and layered functional coatings from 
metals, alloys and their compounds with nitrogen, carbon, oxygen. 

When obtaining Avinit C coatings, it is possible to switch to the nano- 
range for the implementation of the processes of controlled formation of 
multicomponent nano- and microstructured coatings with a nanolayer 
thickness from units to hundreds of nanometers. 

2. Avinit V block (methods of vapor deposition (CVD and PECVD)), 
designed for vacuum-plasma and plasma-chemical surface treatment and 
the application of functional metal and metal-carbide coatings based on 
molybdenum, tungsten, chromium by thermal decomposition of organome- 
tallic compounds, in mainly hexacarbonyl Mo, W, Cr and their compounds 
with nitrogen, carbon, etc. on the inner and outer surfaces of parts. 
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The use of gas-phase and plasma-chemical methods in combination with 
other methods of coating and surface modification (methods of ion doping, im- 
plantation, vacuum-plasma, diffusion, vacuum-thermal methods, etc.) signi- 
ficantly expands the possibilities of creating fundamentally new materials. 

Among the known methods of applying high quality coatings, the CVD 
and PECVD methods are out of competition in most cases when it is necessary: 

= Apply high-density coatings of uniform thickness to products of com- 

plex shape with a developed surface, including blind holes, internal cavi- 
ties and pipes made of L/d > 1 (Lis the length of the pipe, d is its diameter). 
=" Realize high productivity of coating processes in which the growth 

rate can reach from several hundred microns per hour to several milli- 

meters per hour. 

=" Obtain a coating of refractory, hard-to-machine metals, alloys and 

compounds with a density close to theoretical and high purity, form 

from them self-supporting products of different geometries with a wall 
thickness of up to 10 mm or more from various materials, including dif- 

ficult to machine (for example, W) materials and unique alloys from im- 

miscible components (for example, Mo-Cu) (vapor-phase metallurgy. 

3. Avinit M block for applying coatings (monolayer, multilayer, nano- 
layer and nanostructured) of metals and their various compounds by mag- 
netron sputtering methods. 

4, Avinit E block for ion-plasma surface treatment of materials in 
high-density plasma in various gas media of various compositions (argon, 
nitrogen, carbon-containing gases and mixtures of these gases), including 
internal cavities and channels of certain sizes, providing high values of coat- 
ing adhesion. 

In the implementation of technological processes for the application of 
functional hardening and protective coatings Avinit, a very thorough ionic 
treatment (cleaning) of the surface of products using a glow discharge is pro- 
vided; using a gas plasma generator of the Avinit cluster; using metal ions. 

5. Avinit N block for carrying out processes of ion-plasma surface 
modification, in particular, for ion-plasma surface treatment, plasma diffu- 
sion saturation (nitriding, nitrocarburizing, etc.) of parts made of steels and 
alloys in high-density low-temperature nonequilibrium plasma, precision 
nitriding, processes diffuse and saturation in plasma with a hollow cathode. 

Avinit N block provides nitriding processes for the surface of parts 
made of steels and alloys in a high-density non-equilibrium plasma of 
a non-self-sustaining glow discharge. with a density several orders of mag- 
nitude higher than with ion nitriding in a conventional glow discharge, as 
a result of which the formation of a nitrided layer is intensified by 2—5 times 
in comparison with the processing by the traditional method of ion nitriding 
in a glow discharge and 5—10 times compared with gas nitriding. 

6. Avinit T block for thermal and thermochemical treatment. 

7, Avinit S block for electron-beam coating. 
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O Fig. 3.1 Elements of the Avinit vacuum-plasma cluster 


The multipurpose automated cluster Avinit provides an operation 
mode when using any evaporative devices, systems and control devices 
included in its composition, while simultaneous operation of all evaporators 
of the same type or alternate (in any sequence) of different types of evapo- 
ration devices is allowed. 

The use of the developed automated system makes it possible to select 
the most optimal modes and methods of surface treatment and coating or 
their combination to achieve the maximum technical and economic effect 
in solving specific problems, to achieve strict adherence to certified techno- 
logical regimes and to achieve the best high quality indicators when apply- 
ing functional coatings in the conditions of serial production. 


3.2 Research methods and techniques 


The development of processes for the deposition of multifunctional 
multilayer composite coatings was carried out on an automated vacuum- 
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plasma cluster Avinit according to a given program using one-component 
cathodes in a reaction gas medium and without it. All the main characteris- 
tics of the coating process were monitored automatically. 


3.2.1 Methods of sample preparation 


The prototypes were placed in the technological equipment and could 
move, depending on the selected technological scheme, around their axis, 
move around the axis passing through the center of the vacuum chamber, 
or perform planetary motion with rotation around its axis and the axis of the 
chamber simultaneously. 

Movable shutters were placed between the cathode (targets) and 
technological equipment with prototypes, which made it possible to «cut 
off» the initial uncontrolled stage of the technical process and establish 
a stationary mode of ionization and condensation. 

The setting of the optimal stationary mode depends to a large extent 
on the homogeneity of the target structure (with magnetron sputtering) 
or cathodes (with vacuum-arc sputtering). These factors determine the re- 
quired stability of the temperature regimes of deposition and the continuity 
of the structural-phase state and chemical composition of the coating. 

The deposition of multicomponent or composite coatings was carried 
out using single-component cathodes with simultaneous operation of seve- 
ral sputtering sources in a pulsed or continuous mode with or without the 
use of reaction gases. The samples were placed in a rotary or planetary 
tooling, which ensured the rotation of the samples simultaneously around 
its axis and the center of the chamber. 

Titanium Ti2, aluminum Al0, molybdenum Mo99.9 vacuum-melted, 
Cu, Cr were used as cathode (target) materials. Argon, nitrogen, and ben- 
zene served as plasma-forming and reaction gases. The main impurity in 
nitrogen was oxygen, the level of which did not exceed 0.04 at. %. The com- 
position of residual gases and impurities in the reaction gas was monitored 
using an MX-7304A technological mass spectrometer. 

Structural steel X155CrVMo12-1 and heat-resistant steel X155CrVMo12-1, 
widely used in the production of many precision friction units, were chosen 
as samples. Samples of steel 1.773 with dimensions of 20x10x5 mm were 
polished to a roughness of class 8 (Ra=0.32 um). Microhardness HB~900. 
Specimens of steel X155CrVMo12-1 56...61HRC, 10x10x10 mm in size, were 
polished to a roughness of class 10 (Ra=0.063 microns) according to factory 
technologies to the required geometric parameters. 

A feature of the preparation of samples is that their preliminary heat 
treatment was carried out in full compliance with the technological regula- 
tions for the processing of end products adopted in production. As the studies 
have shown, this has a significant effect on the quality of the resulting coating. 
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3.2.2 Technique of coating application 


The development of processes for the deposition of new multifunctio- 
nal multilayer composite coatings was carried out on the Avinit vacuum 
cluster created for the implementation of complex coating methods (plasma- 
chemical CVD, vacuum-plasma PVD (vacuum arc, magnetron), ion satura- 
tion and ion surface treatment). 

Hardware and technological developments have been completed (the 
use of improved separation devices, improved diagnostics of plasma and gas 
flows, improvement of IR measurements (in the infrared range) of tempera- 
ture fields of coated products, improvement of mechanical and electronic 
systems for protection against micro-arcs and modernization of cathodes. 
Possibilities of technological equipment and ensuring the deposition of 
high-quality coatings on precision surfaces. 

Avinit coatings adhere to precision surfaces of high cleanliness class 
up to 12—13 class without reducing the class of surface cleanliness. This is 
achieved by using effective methods of surface cleaning in the technologies 
being developed — cleaning in Ar glow discharge, cleaning in a two-stage 
vacuum-arc discharge and cleaning with metal ions at a voltage above the 
zero growth point, as well as preventing surface damage by micro-arcs, for 
which the Avin installation has an arc extinguishing system providing high 
quality cleaning of the surface from oxides and other contaminants without 
the occurrence of electrical breakdowns. Deposition occurs at low tempera- 
tures, not exceeding the tempering temperatures of the base, ensuring the 
preservation of the mechanical characteristics and the absence of curvature 
of the coated products. 

To implement the processes of controlled formation of multicompo- 
nent nano- and microstructural coatings with a controlled composition 
using vacuum-plasma and plasma-chemical processes, a through synchroni- 
zation technology has been developed using a computer to control the tech- 
nological processes of coating deposition. It allows to control the operation 
of the spraying sources, the admission of the reaction gas and other systems 
of the installation according to a given program and to keep records of the 
parameters of the installation during the entire technological cycle. 

Before applying the coatings, the vacuum chamber was evacuated to 
a residual gas pressure of (2-3)-10° Pa. Then the substrates were cleaned 
in a glow discharge plasma at Ar pressure of ~1-10-! Pa and a potential on 
the substrate of 1300 V for 10 min. and a transition was made to cleaning 
with metal ions in the plasma of a vacuum-arc discharge with a current of 
90-100 A with a closed curtain, which was in front of the samples, in or- 
der to reduce the likelihood of micro-arc discharges when the arc plasma 
source was turned on. After operating the plasma source in this mode for 
1-3 minutes. there was a «passivation» of the vacuum environment due to 
the binding of chemically active components with a film on the surfaces of 
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the vacuum chamber and its additional disinfection, as a result of which the 
pressure of residual gases decreased to values < (0.7-1)-10°? Pa. 

Glow discharge processing. Glow discharge occurs as a result of elec- 
trical breakdown of the interelectrode gap at a relatively low pressure of 
the gaseous medium and a sufficiently low resistance of the external circuit. 
Basically, all processes leading to the formation and maintenance of a glow 
discharge are concentrated in the immediate vicinity of the cathode surface. 
The gas pressure and the interelectrode distance determine the discharge ig- 
nition voltage. When a glow discharge is inflamed, excitation and ionization of 
the gas occur. The density of charged particles (electrons, ions) can reach sig- 
nificant values; in general, the plasma of a glow discharge is electrically neutral. 

The required pressure of the working medium (residual atmosphere, 
nitrogen, or neutral gas — Ar) was set using a gas leak. The rectified volt- 
age was controlled in the range U=(0...6) kV, the discharge current was 
Ip=(0...100) mA. 

The workpiece to be processed was mounted on a support-holder — 
a cathode, and thus, in the case of irradiation of conductive materials, they 
were bombarded with accelerated positively charged ions of the elements 
of the medium, in the atmosphere of which the glow discharge was burning. 
The ion energy is proportional to the accelerating potential of the cathode 
and the multiplicity of the ion charge. 

Ionic bombardment of the surface. All experiments using ion bombard- 
ment of the surface were carried out at anion current density of ~ 10 mA/cm, 
a chamber pressure of ~10-5 mm Hg. Ti, Mo were used as plasma-forming 
materials (cathodes). Lining material — X162CrMoV12 steel. The tempera- 
ture of the samples during the experiments was ~150—200 °C, the time of 
exposure to the plasma flow was 1.5-3.0 min, in order to maintain the set 
temperature (T;,), the process was carried out in a pulsed mode. 

The results indicate the dependence of the rate of condensation and 
sputtering on the cathode material and ion energy, which is determined by 
the accelerating potential of the substrate. As the ion energy increases, the 
contribution of sputtering increases. For each type of ion, there is a value (U,,) 
at which equilibrium occurs to the process of condensation and sputtering. 

On samples made of X162CrMoV12 steel, the change in the phase 
composition of the surface subjected to bombardment with molybdenum 
ions with an average energy of ~3 keV (U,=-—1.1 kV) (bombardment time 
3 min) at temperatures of 150—200 °C was studied. Depending on the experi- 
mental conditions, the formation of monolayers of molybdenum compounds 
with steel components was observed: FeMo, Fe2Mo, FeNi3, MoN, Mo2N, 
Mo2C, FeMoC,. 

An increase in sample temperature during ion bombardment enhances 
the surface digestion effect. Traces of machining (surface cleanliness class 
~6-8) can be completely destroyed (smoothed) at 600 °C for 1.5 minutes or 
3.0 minutes at 400 °C. 
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With an increase in the bombardment time (dose) with Mo ions at 
a temperature of 200 °C and 500 °C, the depth of digestion increases, and 
the roughness increases. In this case, the class of surface cleanliness is de- 
termined by the micro- and macrostructure of the bombarded material. 

The microhardness of the materials under study does not change 
noticeably if the temperature of the samples during bombardment with 
molybdenum ions does not exceed the characteristic temperatures of phase 
transitions. In the case when the temperature during bombardment exceeds 
the tempering temperature, corresponding changes in hardness and micro- 
hardness are observed. 

The transition to the deposition of the coating was carried out by low- 
ering the potential of the substrate, admitting the reaction gas to a predeter- 
mined pressure, which was then maintained automatically, and opening the 
shutter in front of the samples. 

The energy of ions directed to the substrate changed in accordance 
with the change in the applied potential in the range from —30 to —1000 V. 

The substrate temperature was monitored using reference samples and 
Marathon and Raytek IR pyrometers. In some cases, the temperature of the 
substrate was controlled by a chromel-alumel thermocouple, which was fixed 
on the back side of the witness sample, which was fixed next to the prototype 
on the substrate. In most experiments, it did not go beyond 200-450 °C. 

The distribution of the ion flux density in the plane of the substrate and 
their value were estimated from the ion current data obtained using a single 
shielded probe. The change in the density of the ion flux to the substrate 
was achieved by varying the arc discharge current or the distance from the 
cathode of the metal plasma source. 

Mo-C coatings were obtained in the Avinit V block by thermal de- 
composition of a metal-containing compound, molybdenum hexacarbo- 
nyl Mo(CO)g¢. 

The Mo-C coating was also applied to the internal calibrated surfaces 
of 12x20 tubes with a class of cleanliness of the treated surface — 9a. 


3.2.3 Methods for studying the properties of samples 


Obtaining information about the entire complex of properties of func- 
tional materials is a rather complex and voluminous task, especially when it 
comes to studying thin-film compositions. In these studies, the main atten- 
tion was focused on the study of the reproduction of the composition of the 
compositions during their formation by vacuum-plasma methods, adhesion 
of film materials, structural state and some other properties. 

The study of the structure and properties of working surfaces (micro- 
section, coating hardness, determination of the surface geometry after coat- 
ing) and determination of material parameters (layer thickness, uniformity, 
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defectiveness, and structure of the material itself) were carried out using 
the methods of metallographic, chemical, X-ray diffraction and micro-X-ray 
spectral analyzes. 

The metallographic characteristics of the coatings were studied on 
microsections made from the samples under study. To prepare a thin 
section, the sample was pressed into a special powder on an automatic as- 
sembly press «SIMPLIMET 2000». Grinding and polishing was carried out 
in automatic mode on a device of the EKOMET 3+AUTOMET 2 model 
by BUEHLER. 

The roughness of the surface of the samples before and after the de- 
position of coatings was measured on a JENOPTIK nanoscan 855 profilo- 
meter-profilograph. 

The microhardness of the layers was measured using a LECO AMN-43 
microhardness tester, in an automatic mode at a load of 50 g. Measure- 
ment of microhardness and Young's modulus in many layer and nanolay- 
er coatings of Avinit type with a thickness of 1...3 um, performed using 
a nanohardness measuring device from CSM (Switzerland) (loading speed 
20.00 mH/min, maximum depth 100.00 nm at 6 nan D processing of results 
in the Oliver — Fahr model). 

The looseness of the films was judged on the basis of potentiostatic 
measurements (on the witness samples obtained on metal substrates), as 
well as on the basis of the data of structural studies. 

The degree of reproduction of the composition of the films was evalu- 
ated according to the data of X-ray (X-ray diffractometer DRON-3, filtered 
Cu-K, radiation) and spectral (spectrograph ISP-30) studies, comparing the 
spectra of the starting materials (targets) and condensed films. 

The study of the functional areas of the surface of the samples was car- 
ried out using scanning electron microscopy (SEM). 

The volume distribution of chemical elements was recorded using elec- 
tron probe X-ray microanalysis (EPMA): 

= along the plane of the coated samples; 

= in the area of the surface areas of the samples, on which the friction 

tests were carried out. 

The profiles of changes in the chemical identity and the nanolayer of 
functional coatings were recorded using the secondary ion mass spectrome- 
try (SIMS) method on an MS 7201M secondary emission mass spectrometer. 
The maximum profiling depth is 5 microns. For sputtering, an Ar* ion beam 
with an energy of 5-7 keV was used. 

The metallophysical measurements of the coatings obtained on the proto- 
type parts were carried out using a JSM T-300 scanning electron microscope. 

To measure the characteristics of the geometric dimensions of the con- 
trol samples, the involute surfaces were measured on a Wenzel LH65 control 
and measuring machine by means of surface points applied to the 3-D model 
of the part with an accuracy of 0.5 um. 
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For the purposes of technological control, the composition of residual 
or working gases in the vacuum volume of the vacuum-plasma equipment, 
a technological quadrupole mass spectrometer of the MX-7304A type was 
used, capable of monitoring the composition of the gas phase in the range 
up to 350 amu. in real time and track 6 predefined peaks from the mass 
spectrum up to 350 amu. The mass spectrometer was connected to an ex- 
ternal computer and operated in a unified system of automated control and 
management of technological processes. 

Plasma parameters (ion current, ion density, current-voltage characte- 
ristics, spectral characteristics) were continuously monitored and archived 
using a PlasmaMeter plasmometer and a PlasmaSpectr spectrometer. 


3.2.4 Methods for studying the characteristics of friction and wear 


Tribological tests of coated samples were carried out on friction ma- 
chines in order to determine the critical values of the load parameters lead- 
ing to a burr, i.e. finding the boundaries of application of the studied friction 
pairs, determining the coefficients of friction and wear and their change in 
the process of friction to predict the compatibility of materials. 

The tests were carried out according to the following basic schemes — 
«cube (main sample) — roller (counterbody)» and «ring-ring» (for wear tests). 

Test modes, the total number of samples for testing was determined 
taking into account the operating conditions of the planned friction pairs in 
real operating conditions and were refined in the course of the work. 

Tribological tests of antifriction, wear properties and setting of sam- 
ples with coatings were carried out in the Central laboratory of the Maly- 
shev plant (Kharkiv) on a friction machine 2070 SMT-1 according to the 
«cube-roller» scheme with a step load in the load range of 1 —20 MPa. 

The tests were carried out in a TS-1 fuel environment and in a diesel 
fuel environment. To determine the tear of the surface layers of materials of 
friction pairs, the load was made from Pypin to the critical point P,,, at which 
tear occurs. 

Tribological tests for friction and wear of samples with coatings ac- 
cording to the «ring-ring» scheme were carried out on an improved serial 
friction machine 2070 SMT-1 according to a standardized test procedure at 
the Kharkiv National University of Air Force named after Kozhedub. 

To reproduce the results of wear tests, the coincidence of the end sur- 
faces was controlled by the value of the contact plane: not less than 90 % 
of the working surface of each sample. 

In the process of tribological tests, the following were recorded: 

= the value of the friction force F,, normal load N, contact pressure P, 

according to the value of which the mechanical losses in tribosystems 

were estimated; 
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= the temperature of the elements was continuously recorded in real 

time of tests in a direct approximation (1 mm) from the friction zone 

using a «moving» thermocouple. 

The friction coefficients were determined as f=F;,/N. 

To determine the tear of the surface layers of materials of friction pairs, 
the load was made from Pin =200 N through 200 N to the critical value P,,, 
at which tear occurs. 

Additionally, the wear rate was measured by the acoustic emission 
method. After the selection of the best coating materials for friction pairs 
based on the results of tribological tests, the technologies for applying 
coatings for specific units were tested and serial parts were obtained for 
full-scale life tests. The tests were carried out at the stands of the Malyshev 
plant (Kharkiv) and Kharkiv Engine Engineering Design Bureau (KEEDB). 


3.3 Properties of Avinit multifunctional 
multicomponent coatings 


The main focus of our work on the creation of new structures of func- 
tional coatings is associated with the development of new materials and 
industrial technologies for the deposition of multilayer and nanolayer 
ion-plasma and plasma-chemical coatings and their introduction into mass 
production to increase the resources of products and the reliability of their 
operation by using the developed nanotechnologies. 

As a preliminary consideration shows, the most promising for industrial 
applications are vacuum-plasma composite coatings based on nitrides and 
carbides of titanium, molybdenum, aluminum, chromium. 

Therefore, the main efforts were focused on the development of such 
coatings using Avinit technologies. 

In order to work out the technologies for obtaining multi-layer com- 
posite nanolayer functional coatings Avinit, it was necessary to study the 
process of deposition of vacuum-arc coatings to determine the optimal pa- 
rameters of the process of obtaining high-quality coatings in the conditions 
of specific technological equipment Avinit. 

In [32-54], numerous experimental studies were carried out on the 
development of processes for the deposition of multicomponent multilayer 
and nanolayer Avinit coatings based on metal nitrides and carbides and 
their metallophysical, mechanical and tribological characteristics. 

A detailed analysis of the developed Avinit technologies for obtaining 
Avinit coatings was carried out in [29-31]. 

Here we briefly present only some of the parameters of the Avinit 
processes and the metallophysical and tribological characteristics of multi- 
functional multilayer and nanolayer coatings with improved mechanical 
and tribological properties for friction pairs in transport engineering. 
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3.3.1 Properties of Avinit C coatings (nitride-based) 


The influence of the main parameters on the change in the properties 
of the obtained coatings based on molybdenum, titanium and their com- 
pounds with nitrogen has been studied. 


3.3.1.1 Avinit C 100 coating (based on titanium nitrides) 


The composition of the coatings and their microhardness are important 
characteristics. 

The microhardness of Avinit C 100 coatings obtained by vacuum-arc depo- 
sition in titantum-nitrogen plasma in a vacuum P=10 mm-Hg is 4:10? MPa. 

With an increase in the partial pressure of nitrogen, the phases -i, 
e-i2N gradually disappear and a transition to the formation of a single-phase 
iN coating occurs. 

At nitrogen pressures P=5-10° mm Hg. microhardness of coatings 
reaches values of 30.103 MPa, which correlates well with the literature 
data [55-57]. 

Study of the influence of ion energy on the properties of Si-coatings 
on X162CrMoV12 steel samples at a nitrogen pressure P=6-10 mm-Hg 
and P=1.5:10-? mm-Hg. and the values of the accelerating potential from 
—50 V to -300 V and the temperature of the samples 200...600 °C shows. 
Changes in these condensation conditions have practically no effect on the 
microhardness of the resulting coatings. 

The roughness of the samples with coatings is determined both by the 
roughness of the initial substrate surface and by the modes of coating. 

When the initial surface was treated to a cleanliness corresponding to 
class 6-7, the application of coatings did not reduce the cleanliness class and, 
depending on the application mode, could even increase it by several units. 
When applying and coatings in the mode of formation of a layered structure 
on the original surface of the sample of steel treated to 7 cleanliness class, the 
value of roughness Ra had a value that corresponds to 10 cleanliness class. 

A decrease in the ion current density during condensation, the use of 
a straight-line separator to get rid of the droplet phase increases the unifor- 
mity of the coating structure and helps to maintain the surface cleanliness 
class at the level of 13. 


3.3.1.2 Avinit C 200 coating (based on molybdenum nitrides) 


The coatings were obtained at an ion current density J=10 mA/cm?, 
substrate potential U,=—25 V, and substrate temperature T,<200 °C. Nitro- 
gen pressure during condensation 2.5-10°° mm Hg. 
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During the deposition of molybdenum nitride coatings without the 
use of separating devices, the microhardness of a coating with a thickness 
of 12 um is 30890 MPa and decreases to 19613 MPa with an increase in the 
substrate temperature. The roughness of the surface of the coatings corre- 
sponds to V 7-8 class when deposited on the surface of steel X162CrMoV12 
polished to V 12 cleanliness class. 

A characteristic feature of the surface morphology is its cellular struc- 
ture, the presence of inclusions in the form of metal (Mo) drops. 

The transition zone of the steel-condensate interface is of interest 
from the point of view of ensuring the adhesion of these materials. The 
experiments were carried out on samples of X162CrMoV12 steel with 
pure molybdenum coatings applied at different values of U, (—25..—200 V) 
at T,=(90...150 °C). 

For some grains, the heat affected zone during the condensation of 
molybdenum with a relatively high energy (U,=—200 V) is characterized by 
the formation of pores or precipitates of the second phase. 

Their magnitude and depth distribution indicate the presence of a tem- 
perature gradient in the near-surface layers during ion bombardment and 
condensation. The length of the zone can reach ~3 um. The microstructure 
of the condensate inherits the features of the substrate structure, the inter- 
face has a form characteristic of the diffusion interaction of materials. 

Structural changes in steel in the zone of thermal action of the ion flow during 
bombardment and condensation correlate with changes in microhardness; 
after bombardment, it decreases by 20 % and after condensation (with- 
in 1h) — by 50 %. With a decrease in the time of ion bombardment to 1 min. 
and condensation up to 20 min the heat-affected zone is reduced to ~1 Um. 

Thus, the experimental results confirm the possibility of low-tem- 
perature deposition of high-hard wear-resistant Avinit coatings based on 
molybdenum nitrides in modes that provide good adhesion to the substrate 
materials (X162CrMoV12 steel) without a significant decrease in steel 
strength (<200 °C) and without deterioration of the purity class. 


3.3.1.3 Composite coating Avinit C110 and Avinit C210 


Table 3.1 shows the program of experiments on the development 
of the process of applying composite coatings Avinit C110 (TiN-Ti) and 
Avinit C210 (Mo2N-Mo) on samples of steel X162CrMoV12) and the para- 
meters of the initial samples. 

Coatings of compounds were formed by letting nitrogen into the cham- 
ber synchronously with the operation of one or another vacuum-arc sputter- 
ing source with different cathodes. The nitrogen pressure was chosen so as 
to obtain typical values of microhardness for the corresponding compounds 
of the studied metals with nitrogen. 
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O Table 3.1 Technological parameters and characteristics of the original samples 


Goninos Process parameters Initial Parameters 
No. Cathode NN necmuneaan| Ts 
2 oaES tion SS ia nee HRC Class Rough 
hours Nitrogen mm 
1 1ES) 13 0.018 
1 a D TiN DoS) (15=2) 10a R6C=62) 2c OO zi 
ge 4.0 12c 0.020 
5 12c 0.020 
2 Ti 6 TinN 5.0 510+ 60-62 13 0.015 
Te 13 0.017 
*o0 9).10-3 
: e Microlayers (4) al - eed 
3 Un 9 TiN-Ti 40 Work12min, 60-62 13 0.015 
10 Pause 12 min 3) 0.016 
fo 10-4 
1 i || Nene 5-10 1265 90/020 
4 i 18 TiN-Ti 4.0 Work 48 s, 60-62 12c 0.021 
19 Pause 48 s 1265 90/020 
O 10-3 
! 1 | éersieess 1.8-10 12ce OI020 
5 Mo 12 Ven e 2.0  Work12min, 60-62 12c 0.021 
13 i Pause 12 min 12c 0.020 
Oo 10-4 
! 4 a Neco inyere 5-10 12c 0.020 
6 Mo 1S MosN Mio 2.0 Work 48 s, 60-62 12c 0.021 
16 Pause 48 s 12c 0.020 
20 (1.5+2)-10% 12c 0.020 
7 am Die TiN 4.0 without 60-62 12c 0.021 
p22 separator 12c 0.020 
(1.5+2)-10% 
8 ani 4 TiN 1.0 without 60-62 12c 0.020 
separator 


Studies have shown that for the formation of compounds based on 
Ti, the nitrogen pressure should be 3...4- 107! Pa, and for compounds based 
on Mo — 1...1.3-107! Pa. 

The study of the formation processes of coatings of different composi- 
tions was carried out under conditions that did not lead to an increase in the 
temperature of the samples above 200 °C. At the stage of vacuum-plasma 
cleaning, this was achieved through the use of a pulsed processing mode 
and the choice of the ratio of the intervals of operation and pause of arc 
sources, as well as the total processing time. When forming coatings using 
a titanium cathode, as experiments showed, the operating mode of the arc 
source was 2 seconds and a pause of 4 seconds with a total processing time 
of 3-5 minutes with a gradual increase in the accelerating potential from 
30...50 V to a maximum value of 1000 V. When working with a molybdenum 
cathode, the pause increased to 6 seconds. At the stage of deposition of 
coatings based on titanium and its compounds with nitrogen, it was possible 
to keep the temperature in the range of 180-200 °C in the mode of conti- 
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nuous operation of the vacuum-arc source at a potential on the samples 
of 30-40 V. In the case of deposition of coatings based on molybdenum and 
their compounds even at a potential of 25 V, it was impossible to keep the 
temperature of the samples within the specified limits with the constant 
operation of the vacuum-arc source, therefore, a pulsed mode of operation 
with a cycle of 6 seconds (work), 4 seconds (pause) was applied. 

Metallographic studies of the samples after the deposition of coatings 
of different compositions show that the worked out regimes ensured the 
formation of high-quality coatings. Table 3.2 shows data on the rigidity, 
microhardness and roughness of the investigated coatings. 





O Table 3.2 Characteristics of the studied samples with coatings 


Finite. Parameters 


No. Composition Thickness, eo : ee fetes feecgh 
um v(5 kg) v(50 g) 

1 rfc = 7H MS He On 
2 TiN (continuous) 1 on ae 10c 0.10 
3 Microlayers TiN-Ti 0.6 : . re lic 0.040 
4  Nanolayers TiN-Ti 0.2 : A ae 12a 0.036 
5 Microlayers Mo2N-Mo 0.5 oe ae 126" |) 10,026: 
6 Nanolayers Mo,N-Mo 0.2 ne 12b = 0.025 
Ne ees ee oe 


The hardness and microhardness of the base material according to the 
selected modes of coating application practically do not decrease in com- 
parison with the initial state. 

The microhardness of the coatings was in the range of 10,000—15,000 MPa, 
depending on the composition of the coating. The coatings had good ad- 
hesion to the backing material. No cases of peeling of the coatings were 
observed during the application of the mesh of scratches. 

The nanocomposite coatings had a layered structure of layers of the 
corresponding composition ~15 nm thick. 

After coating samples with roughness corresponding to 12-13 cleanli- 
ness class, the surface roughness of the samples practically does not change, 
or the surface cleanliness class deteriorates slightly (by one or two units). 

Without the use of a rectilinear separating device, the quality of the 
coating surface, as shown by the results of profilographic studies, significantly 
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deteriorates. A large number of macroparticles appear on the surface of the 
coatings (mainly metal droplets, which, depending on the time of their ap- 
pearance on the growing surface, are covered with subsequent layers), charac- 
teristic of condensation from unseparated plasma streams. Their number, size, 
shape depend on the technological parameters of the deposition process. 


3.3.1.4 Avinit C 300 coating (based on Ti-Al-N) 


Even a relatively simple Ti-system, when viewed from the point of 
view of multicomponent systems, can have different heterostructures and, 
accordingly, different properties and different areas of application. Natu- 
rally, an even greater variety of properties and an expansion of the scope of 
application can be expected from more complex systems. 

Properties of coatings Ti-Al-N, Ti-Cr-N, Ti-Mo-N, Nb-Zr-N significant- 
ly depend on the content of alloying elements - aluminum, chromium, mo- 
lybdenum, zirconium. With an increase in the content of alloying elements, 
such coatings have higher values of rigidity and toughness, temperature 
resistance, heat resistance, and better tribotechnical characteristics in com- 
parison with one-component nitrides. 

Our main efforts were focused on the development of processes for obtain- 
ing coatings Avinit C 300 (based on Ti-Al-N) and the study of their properties. 

Due to the high heat resistance of Ti-AIl-N coatings [58], the upper 
temperature limit of their operation is much higher than that of TiN coatings 
and reaches temperatures of 800-900 °C. These coatings have significantly 
preferred tribological characteristics, which is extremely important for their 
use as materials for promising tribological pairs [22, 23, 58, 59]. 

We have carried out a number of experimental studies on the develop- 
ment of processes for multilayer and nanolayer ion-plasma coatings Avinit 
C based on the Ti-Al-N system [32-38]. 

As it is known, the characteristics of coatings (Ti-Al-N) significantly de- 
pend on the aluminum content. With an increase in the aluminum content, 
the hardness of the coating increases from values typical for TiN coatings 
to values close to 40 GPa at an aluminum concentration of 40-50 at % with 
respect to titanium N [60]. 

The structure of multilayer coatings is a series of alternating layers of 
various compositions and thicknesses with a thickness of each layer from 
several nanometers to several microns. 

It is determined by the distance L from the cathode to the surface, the 
density of the ion current of the arc sources, the speed of rotation of the ro- 
tary device and is provided by the time the coated surface is sequentially 
located in the zone of action of each of the cathodes. 

The hardness and strength of the layer coating increases with decreas- 
ing thickness of the individual layers. 
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Based on the experiments carried out to determine the growth rate of 
coatings obtained on substrates in planetary motion, the Avinit cluster con- 
trol program was created to obtain TiN-AIN nanolayer coatings. 

The protocols of the automated control system for these processes are 
shown in Fig. 3.2. 
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b 
O Fig 3.2 Fragment of the protocol of the automated control system of the 
technological process of applying the TiN-AIN nanocoating: a — TiN-AIN (50/50) 
nanocoating with a repetition period of 20 nm and the same thickness of individual 
nanolayers; b — TiN-AIN (30/70) nanocoating with a repetition period of 12 nm and 
a thickness of individual nanolayers of 4 and 8 nm 
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The composition and some characteristics of the investigated coatings 
are given in Table 3.3. 





Qo Table 3.3 Characteristics of the samples 


Cask Base Technological parameters Coating properties 
oatin 
No. pe hard- — Program- Nitrogen Thick- Microhard- Rough- 
akticarn ness, mablecom-  T,°C pressure, ness, ness, Hv, ness 
HRC position lea um (MPa) Ra, pm 
Coating based on Ti-Al-N (TiN-AIN) 
Avinit : =il = 0.040 
1 C/P 300 59-60 Multilayer 200 3-10 10.0 26000-30000 (11b) 
Nanolayer 
with a repeat- 
ability period + 3000- 
Avinit of 12 nm and =i 3200 HVio00 ~=—-: 0.036 
Ae 7e 310) | atticimees [0 FS ospae fies) 
of individual 3000 HV 
nanolayers 4 
and 8 nm 
Nanolayer 
with a repeat- 
pee $200. 
Avinit : = 3500 HVio090 ~=—-: 00.036 
3 C/P 320 59-60 he ereeee 200 3-10 ils) + 3000- (12a) 
3500 HV 
nanolayers — 
8 nm and 
4nm 


t Measurement of HVjo99 microhardness on reference specimens using a microhard- 
ness tester. 
+ Measurement of nanohardness with a nanohardness tester 


The choice of the mode and design of intermediate layers. are very im- 
portant for obtaining strong adhesion coatings on precision surfaces, since 
even minor deviations from the optimal technology can lead to curvature of 
the parts to be coated. 

The coatings were applied at temperatures not exceeding 200 °C, 
which ensures the preservation of the mechanical properties of the sub- 
strate and does not lead to a decrease in the rigidity of the base — steel 
X155CrVMo12-1 (Table 3.3). Moreover, the coatings have good adhesion to 
the substrate. After coating samples with a roughness of 12—13 cleanliness 
classes, the surface roughness practically does not change. 

The results of metallophysical measurements of the Avinit C/P 310-n1 
coating on a JSM T-300 scanning electron microscope are shown in 
Fig. 3.3, 3.4. 
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O Fig. 3.3 Appearance of the coating Avinit C/P 310-n1 (cross-section) with the 
indicated zones of analysis (a); the approximate chemical composition of the analyzed 
zones (b). Coating thickness ~9 microns 

















O Fig. 3.4 Appearance of Avinit C/P 310-n1 coating (cross-section) in the coverage 
area mapping mode. The larger the content of the element corresponds to the more 
intense coloring 


To determine the microhardness of thin coatings (<4 ttm), the nano- 
hardness was measured using a CSM nanohardness tester (Switzerland). The 
measurements of the microhardness and Young's modulus in Avinit C/P 320 
coatings with a thickness of 1.4 4m gave the value Hy= 1600-2300 kg/mm?, 
E=250-300 GPa, Poisson's ratio K=0.30. 

Metallographic studies of Avinit-type coatings were carried out using 
the methods of secondary ion mass spectrometry (SIMS), electron probe 
X-ray microanalysis (EPMA), scanning electron microscopy (SEM). 

Fig. 3.5 for the Avinit C/P coating shows the dependences of the cur- 
rents of the secondary ions Alt, Tit on the sputtering time and, accordingly, 
on the depth of the distribution profile of the components. 

Thus, the experimental results confirm the possibility of low-tempera- 
ture deposition of wear-resistant high-hard coatings Avinit C based on metal 
nitrides in modes providing good adhesion to the substrate materials (steel 
with a precision surface Ra=0.025 um) without a significant decrease in 
the strength characteristics of steel (<200 °C) without deterioration of the 
cleanliness class of the original surface. 
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O Fig. 3.5 Dependences of the currents of secondary ions Al*, Tit on the 
sputtering time: a — coating Avinit C/P 320; b — coating Avinit C/P 310 


The studies carried out made it possible to select the temperature-time 
parameters for obtaining reinforcing Avinit C coatings to increase the wear 
resistance of the working surfaces of precision friction pairs, ensuring the 
production of coatings of a given composition with a thickness of 1-3 mi- 
crons, and to develop software products for obtaining such coatings on the 
Avinit cluster. multicomponent multilayer coatings for real serial parts. 


3.3.2 Properties of Avinit D functional coatings (based on carbide) 


Many authors [61—66] note that nano- and microlayer multicompo- 
nent coatings with very high hardness and temperature resistance are most 
promising for solving problems of creating new designs of functional multi- 
layer coatings with improved tribological characteristics. In this regard, 
coatings in metal-carbon systems, in particular, Avinit D coating based 
on Ti-C and Mo-C, are of great interest for use as antifriction wear-resistant 
coatings for friction pairs. 

The results of developments on obtaining Avinit D coatings based on 
metal carbides and their metallophysical and tribological properties are 
given in [44, 46-48]. 

New processes (PVD and hybrid PVD+ CVD) have been developed 
for the controlled formation of multicomponent nano- and microstructural 
Avinit D coatings in metal-carbon systems using vacuum-plasma (PVD) and 
plasma-chemical (CVD) processes for the deposition of multicomponent 
multilayer and nanolayer coatings — carbon «(MeC, MeC:H, Me-CN, 
MeC-C) (Me-Ti, Mo). 

Multicomponent nano- and microlayer coatings of metal-carbon sys- 
tems (TiC; TiC-N, TiC-C) and (MoC, MoC-C, Mo-C-N) were selected as 
candidate coatings for research. 
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When developing new promising nanocoatings: 

= new designs of antifriction, wear-resistant coatings Avinit D have been 
created for working in friction pairs with heat-hardened steel and with steel 
coated with a microstructural or nanostructured coating of the Avinit type; 

™ proven processes of applying anti-friction wear-resistant coatings 
on steel samples with precision surfaces for metal-physical and tribologi- 
cal studies; 

= tribological studies of «coated steel — steel» pairs were carried out; 

= selected tribopairs from different pairs based on the results of tri- 
bological tests of optimal designs of tribopairs in the «coating-steel» and 
«coating-Avinit-type coating» systems; 

=™ selected, according to the research results, the optimal combina- 
tions of the coating material for the subsequent development of the applica- 
tion of the selected coating on full-scale products. 

1. Avinit D/P coating. The testing of the PVD technological parameters 
of the processes of applying multilayer and nanolayer coatings in the Ti-C and 
Mo-C systems was carried out in the Avinit C block of the Avinit installation. 
Titanium Ti2, molybdenum Mo99.9 vacuum-melted, and antifriction gra- 
phite GG365 (Electrocarbon Topolcany) were used as cathode materials. 

To obtain carbide-containing layers, benzene C6H8 was used as the 
reaction gas. 

To carry out metallographic studies, coating was carried out on witness 
samples made of X155CrVMo12-1 steel with a hardness of 56...61 HRC with 
precision surfaces used in the production of parts. For this, the working 
planes of the samples were processed according to factory technologies to 
a roughness of 0.016—0.021 microns (12—13 roughness class). 

With the use of modernized PVD deposition, the processes of applying 
monolayer and multilayer Avinit D/P 100 coatings (TiC, Ti-CN, TiC-C) and 
Avinit D/P 200 coatings (MoC, MoC-C, Mo-CN) have been worked out. 

For the deposition of multilayer coatings (TiC-Ti) and (MoC-Mo), built 
on a sequence of metal and carbide layers, a two-cathode scheme was used 
with the simultaneous operation of one-component cathodes (Me and C), 
located towards each other, in an environment of residual gases with ro- 
tation samples around their axis with continuous or pulsed (periodic) ope- 
ration of sputtering sources. 

Obtaining high-quality coatings in such a scheme became possible due 
to the provision of stable combustion of a controlled graphite cathode due to 
the modernization of the cathode assemblies and the control system. 

At the same time, the following coatings in the «metal-carbon» systems 
have been worked out — monolayer TiC, monolayer TiC-N, nanolayer TiC- 
TiN, nanolayer TiC-C, MoC monolayer structures, monolayer Mo-C-N, 
nanolayer MoC-C structures. 

According to this scheme, multilayer coatings of different composition 
and structure were obtained to study their properties, in particular, tribological 
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characteristics in various friction pairs (depending on the composition and 
ratio of layers) and the possibility of their use as wear-resistant and antifric- 
tion coatings. 

2. Avinit D/C coating. In the Avinit C block, by deposition from 
plasma metal flows (Ti, Mo, Zr, Cr, Nb) in an atmosphere of benzene va- 
pors CgHg, we have developed new processes for the controlled formation of 
multicomponent nano- and microstructural carbide-containing multilayer 
coatings in metal-carbon systems of the type (TiC-Ti) and (MoC-Mo), built 
on a sequence of metal and carbide layers in a single-cathode circuit mode 
with continuous operation of the sputtering source (Ti, Mo, Zr, Cr, Nb) and 
pulsed (periodic) supply of the reaction gas (benzene vapor CgHg), namely, 
Avinit D/C 100 coatings — monolayer TiC:H, nanolayer TiC:H-TiN, nano- 
layer TiC-C:H, Avinit D/C 200 coatings — monolayer MoC:H, nanolayer 
MoC:H-TIiN, nanolayer MoC:H (with different carbon content). 

The results of examining samples (coating thickness, coating hardness, 
determination of the surface geometry after coating) with some of the ob- 
tained coatings are given in Table 3.4. 





O Table 3.4 Characteristics of samples with carbide-containing coatings 


Nea. Seana Microhardness Thickness Roughness 


Hy, kg/mm? H, pm Ra, um 

1 Avinit D/P 100 based on Ti-C 2 300 ee. 0.036 

2  Avinit D/P 100 based on Ti-C 2500 1 1.45—1.15 
3 Avinit D/P 100 based on Ti-C:H 2500 8...10 - 

4  Avinit D/C 100 based on Ti-C:H 1700 ies) = 

5 Avinit D/C 100 based on T-C:H 2000 1 = 

6 Avinit D/P 200 based on (Mo-C) 1800 1 - 

7  Avinit D/P 200 based on (Mo-C) 2200 8—10 1.15—1.05 
8  Avinit D/C 230 based on Mo-C:H 2300 i138) = 

9 Avinit D/C 240 based on Mo-C:H 2500 8-10 1.15—1.05 
10 Avinit D/C 120 based on Ti-C:H 2000 1 = 

11 Avinit D/P 100 based on Ti-C 2500 12 1.45—1.15 
12 Avinit D/P 200 based on Mo-C 2300 8—10 Mo 05 


Metallophysical measurements of Avinit D/P 100 and Avinit D/P 200 
coatings (Fig. 3.6, 3.7). on a scanning electron microscope JSM T-300 give the 
following results — the thickness of the coating is ~6—-9 microns, the carbon 
content is ~10—-15 %, sufficiently evenly distributed in the structure of the coat- 
ing in accordance with its design. The quality of adhesion is high — no delami- 
nation of the coating from the base was found on all investigated coatings. 
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O Fig. 3.6 Appearance of Avinit D/P 100 coating (based on the Ti-C system) 
(cross-section) with the indicated analysis zones — (a); the approximate chemical 
composition of the analyzed zones — (b). Coating thickness ~3.5 microns 














O Fig. 3.7 Appearance of Avinit D/P 200 coating (based on the Mo-C system) 
in line analysis mode. Coating thickness ~6 microns 


Thus, the worked out modes make it possible to obtain high-quality uni- 
form coatings with high adhesion, while maintaining the stiffness of the steel 
base within the specified limits — the stiffness and microhardness of the base 
material according to the selected modes of coating application practically 
do not decrease in comparison with the initial state. The roughness of the 
surface of samples 12—13 of the cleanliness class practically does not change. 


3.3.3 Properties of Avinit V coatings 


The works [45-51] are devoted to the study of the process of depo- 
sition of metal and metal-carbide coatings by gas-phase deposition using 
organometallic compounds (carbonyls of chromium, molybdenum, tung- 
sten), in particular, Mo coatings by thermal decomposition of molybdenum 
hexacarbonyl Mo(CO), into a complex profile and the study of tribological 
characteristics of multilayer Mo-C coatings 

The development of Mo coatings was carried out on an Avinit V gas- 
phase block at temperatures of 350—450 °C on pre-heat-treated speci- 
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mens of steel 1.773 with a size of 20x10x5 mm, polished to a roughness 
of class 8 (Ra=0.32 um) and samples made of steel X155CrVMo12-1 with 
56...61 HRC with a size of 10x10x10 mm, polished according to factory tech- 
nologies up to grade 10 roughness (R,=0.063 microns). 

The characteristics of the coatings differ sharply in a given temperature 
range. At 350 °C and 450 °C, a consistently uniform coating with a high mi- 
crohardness is observed: HB=2200 at 350 °C, HB=1700 at 450 °C (Fig. 3.8). 
The coating thickness is linearly dependent on the holding time. At 450 °C, 
the coating has good adhesion to the base; at lower temperatures, poor ad- 
hesion to the original sample is observed. 





O Fig. 3.8 The structure of the surface of the Mo coating obtained at T: 
a — 350 °C; b — 450°C 


The performed X-ray studies reveal a significant amount of the Mo2C 
carbide phase, which is responsible for the increased microhardness of 
Mo coatings. 

At higher temperatures (surface temperature above 500—700 °C, 
P=0.1 mm Hg), Mo coatings with a significantly lower carbon content (up 
to 0.11 wt. %) Ca be obtained, which significantly the lowest microhardness 
of the obtained Mo coatings HB100=400 and even less. 

Therefore, it seems appropriate to call the obtained coatings molybde- 
num-carbide coatings or, by analogy with solid electrolytic chromium, solid 
gas-phase molybdenum. 

The average coating speed is 50...70 microns/hour. 

The technologies of multistage actions were developed during several 
technological cycles to obtain thick coatings. Coatings with a thickness of 
100 um were obtained. No delamination of the coating was observed. 

AJSM T-300 scanning electron microscope was used to study the com- 
position of the obtained coatings on X155CrVMo12-1 steel samples in the 
mapping mode and in different zones along the coating thickness. 
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Metallographic studies confirm the possibility of low-temperature 
deposition of high-quality coatings of solid gas-phase molybdenum in the 
developed CVD process, while providing good adhesion to the substrate 
materials (steel X155CrVMo12-1, 1.773) without reducing the strength of 
the steel and without deteriorating the purity class of the initial surface. 

Thus, on the gas-phase block of the Avinit installation, a process has 
been developed for applying coatings of «hard» molybdenum (molyb- 
denum carbide coatings with a high carbon content) by pyrolysis of mo- 
lybdenum carbonyl at a rate of up to 90 microns per hour. Optimization of 
the processes of applying high-quality fortress coatings on prototypes has 
been made. Measured characteristics of coatings (microhardness, phase 
composition, roughness, stiffness of the base). The studies carried out indi- 
cate that the development of pilot-industrial technologies is promising for 
the selection of optimal designs of tribopairs for precision assemblies. The 
good reproducibility of the coatings obtained makes it possible in the future 
to develop technologies for mass production. 


3.4 Investigation of the characteristics of friction and 
wear of coatings 


3.4.1 Tribological characteristics of Avinit C coatings 


To expand the comparative base, «basic tests» were carried out accord- 
ing to the «cube-roller» scheme on samples of «uncoated steel — bronze». 

Materials, chemical-thermal and mechanical processing of samples for 
these tests were selected as one of the best currently existing options for the 
operation of friction pairs in aviation fuel. X155CrVMo12-1 steel («raw», 
nitrided, cemented and heat-treated) was used as steel samples, and 
Br.O10C2N3 bronze (Sn 9-11 %, Pb 2-2.35 %, Ni 3-4 %), VB-23NTS (Pd 
18-22 %, Ni 3-4 %, Zn 3-4 %, Sb 3-4 %, P 0.15-0.3), VB-24 (Sb 4.7-6, 2 %, 
P 0.4-0.9), as well as the same bronzes, processed according to the factory 
technology, with VAP-2 coatings (67 % MoS, and 33 % epoxy binder). 

As shown by preliminary tests according to the «cube-roller» scheme, 
seize was not observed at the maximum possible loads (2 KN), which, when 
converted to PV, is > 2600 kgm/s, which unnecessarily overlaps the real PV 
values in most cases of real operating conditions of friction pairs. Therefore, 
in subsequent tests, the loads were limited to 1.6 KN (8 degrees of loading). 

«Basic tests» established that the friction pair (bronze BVB-23NTS/nit- 
rided steel 1.7361) is characterized by: 

=" high constancy to seize; 

™ secondary running-in — with an increase in the load, which at the ini- 

tial moment causes an increase in the coefficient of friction, which, during 

further work at a new stage of the load, basically decreases. However, 
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on a «straight pair» (a more rigid specimen is a movable one) at loads 

of 1400 and 1600 N, there was an increase in the coefficient of friction; 

=" asufficiently high stability in time of the coefficient of friction when 

operating at a constant load; 

™ a significant difference between the «direct» and «reverse» (statio- 

nary — more rigid sample) pairs in terms of the values of the coefficient 

of friction and wear of the samples. 

«Direct» steam during long-term operation has: 

a) lower values of the coefficient of friction; 

b) lower values of wear, mainly due to less wear of the soft (bronze) sample. 

Fig. 3.9 shows the data for the initial friction pair «steel X155CrVMo121 — 
bronze Br 10S2N3» by the value of the friction coefficient, its dependence 
on the value of the load to a value at which the contacting friction surfaces 
do not seize yet with the formation of damage in the form of scoring and a 
catastrophic increase in the coefficient of friction. 
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O Fig. 3.9 Dependence of F;, on loading for the friction pair 
«steel X155CrVMo12-1 — bronze Br.O10C2N3» 


With an increase in the load over 0.6 KN, the friction force sharply 
increased, and then the exam was stopped, i.e. this pair showed a rather 
low P,; value. In this case, this can be considered the main defect of the 
friction pair. Thus, when applying coatings, an increase in Pcr for the test 
pair will be considered a positive result, while maintaining the value of the 
friction coefficient at an acceptable level or decreasing it. 

Fig. 3.10 shows the results of examinations for friction pairs «steel 
X155CrVMo12-1 with TiN coating — bronze Br.O10C2N3» and «steel 
X155CrVMo12-1 with MON coating — bronze Br.O10C2N3>». 

Apparently, the deposition of a TiN coating did not lead to posi- 
tive changes in the tribological characteristics of such a friction pair as 
compared to the initial uncoated pair. In contrast, the application of the 
MON coating increased the P,, value from 0.6 KN to 1.0 KN compared to 
the original uncoated one. The friction coefficient with increasing load 
decreased to 0.16 and then did not change significantly, which is also 


36 


3 Experimental studies of Avinit technologies 


a positive moment for this friction pair. Such a difference in the behavior of 
the MON coating from TiN can be associated with its ability, upon reaching 
certain loads and, accordingly, contact temperatures at local points where 
these loads are highest, to decompose with the release of Mo, and, thus, due 
to the lower hardness of the latter, to contribute to a decrease in local load 
peaks on microroughnesses to a level that still does not lead to the tear of 
the contacting friction surfaces. Confirmation of the increase in Pcr due to 
just such a mechanism for reducing local load peaks can be the results of 
tests of friction pairs with layered TiN-Ti and MoN-Mo coatings (Fig. 3.11), 
obtained in accordance with Scheme 2 and already having metal layers of 
lower hardness compared to the rigidity of their compounds with nitrogen. 
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O Fig. 3.10 Dependence of F;, on loading for pairs «coating — bronze Br.O10S2N3» 
on loading for friction pairs «steel X155CrVMo12-1 with TiN coating — bronze 
Br.O10C2N3» and «steel X155CrVMo12-1 with MoN coating — bronze Br.O» 
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O Fig. 3.11 Dependence of the coefficient of friction on the load for friction 
pairs «steel X155CrVMo12-1 coated (TiN-Ti) — bronze Br.010C2N3» and «steel 
X155CrVMo12-1 coated (MoN-Mo) — bronze Br.O10C2» 


It can be seen that, in contrast to the TiN coating, the deposition of 
a layered TiN-Ti coating led to an increase in P,,; from 0.6 KN to 1.0 kN, 
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and starting from a load of 0.6 kN, the friction coefficient decreased with 
increasing load. In general, the behavior of this pair was similar to the pair 
with the MoN coating, and the increase in P,; can be explained from the 
same standpoint, only in this case the soft phase was introduced into the 
composition of the coating already during its formation. 

Modification of the MON coating with molybdenum additionally in- 
creased P., by another 0.2 kN, that is, it has already become twice as large 
as compared to uncoated steam, and had a positive effect on the stabiliza- 
tion of the friction coefficient in the entire range of loads. True, the value of 
the friction coefficient itself slightly increased, including the same for the 
TiN-Ti coating. Thus, as these studies have shown, an increase only in the 
stiffness of the material in contact with the bronze Br.O10S2N3 in friction 
pair does not improve the tribological characteristics of the steam under the 
selected exam conditions. 

Reducing the coefficient of friction can be achieved in different ways. 
When friction pairs work in liquids, the friction coefficient can be reduced, 
for example, by mechanical surface treatment in order to create an optimal 
microrelief for keeping the liquid film in the contact zone of the friction sur- 
faces or by other methods. One of these methods is the modification of the 
bronze surface by processing it with abrasive dispersed materials using fac- 
tory technology. In Fig. 3.12 shows the results of examinations for the pair 
«steel X155CrVMo12-1 — bronze Br.O10C2N3 with processing according 
to the factory technology». 
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O Fig. 3.12 Dependence of the friction coefficient on loading for the friction 
pair «steel X155CrVMo12-1 — bronze Br.O10S2N3 with processing according 
to the factory technology» 


The processing of the bronze surface using the factory technology sig- 
nificantly influenced both the value of the friction coefficient (in the direc- 
tion of its decrease) and the value of P,; in comparison with the parameters 
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for the steam «steel X155CrVMo12-1-bronze Br.O10S2N3», increasing the 
latter by more than 2.5 times. But at the same time, as the review of the fric- 
tion surfaces after the exams showed, the wear of the steel sample increased 
many times. No bronze wear was recorded. Fig. 3.13 shows a comparative 
diagram of the wear of friction pairs of steel X155CrVMo12-1 with bronze, 
processed and without processing. 
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O Fig. 3.13 Histograms of wear: steel sample and bronze Br.O10S2N3 without 
processing and processing from the factory technology 


Thus, the main disadvantage of such a pair is the unacceptably high 
wear of one of the contacting materials, namely steel X155CrVMol12-1, 
which exceeded 20 times the wear that was recorded in exams with un- 
modified bronze. The appearance of the friction surfaces and the amount 
of wear itself indicated that it was abrasive. In such a case, the application 
of high hardness reinforcement coatings is an effective means of reducing 
frictional wear on the surface and therefore it was interesting to expand 
the range of exam coatings to include higher hardness TiN-AIN coatings. 
Fig. 3.14 shows the test results of friction pairs «steel X155CrVMo12-1 
with TiN coating — bronze Br.010S2N3 with processing according to the 
factory technology», «steel X155CrVMo12-1 with MoN coating — bronze 
Br.O10C2N3 with processing according to the factory technology 1 with 
coating TiN-AIN — bronze Br.O10S2N3 with finishing according to the 
factory technology». 

It can be seen that the TIN and MON coatings when working with 
bronze Br.O10C2N3, which have undergone processing according to the 
factory technology, also have more preferable indicators in terms of the co- 
efficient of friction than when working in tandem with bronze Br.O10C2N3 
without treatment, as in the case with a steel sample. But, in contrast to the 
case of the operation of the pair «steel 12KhF1-bronze Br.O10S2N3 with 
processing according to the factory technology», with the values of the 
friction coefficient at the level of values for the steel sample and the same 
value of P.,, the wear of the coatings did not exceed 0.6—0.8 um, that is, it was 
~20 times less than for an uncoated sample. The TiN-AIN coating showed 
even better performance both in terms of the coefficient of friction, which 
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was lower than 0.1 in the entire load range, and in terms of the amount of 
wear, which did not exceed 0.4—0.6 microns. No wear of bronze, as in the 
previous case, was recorded. 
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O Fig. 3.14 Dependence of the friction coefficient on the load for pairs with TiN, 
MON and TiN-AIN coatings and, accordingly, bronze Br.O10S2N3, which has been 
processed according to the factory technology 


The tests, on the one hand, clearly showed the high sensitivity of the 
studied tribological characteristics of friction pairs to the composition and 
state of the contacting surfaces, and, on the other hand, demonstrated that 
the methods of applying functional coatings using various technological 
schemes of their formation can effectively improve the tribological charac- 
teristics of friction pairs in the case of proper selection of starting parts and 
layouts and formation characteristics of such coatings. 

Subsequently, in-depth tribological tests were carried out of the 
improved multicomponent multilayer coatings obtained at the Avinit in- 
stallation according to the developed technological schemes for the forma- 
tion of multilayer coatings in order to clarify the possibilities of their use 
as wear-resistant and antifriction coatings and for further performance of 
wear and aggregate tests on specific parts in full-scale friction units of air- 
craft units. 

Investigation of samples with Avinit C. To study the tribological 
characteristics of friction pairs with nanocoatings during friction and 
wear tests according to the «cube-roller» scheme, the following samples 
were obtained: 

=™ cubes made of X155CrVMo12-1 steel with a hardness of 56...61 HRC 

with working surfaces ground with diamond paste to the required geo- 

metric parameters according to the factory technology (non-flatness — 

< 0.001 mm, roughness — Ra 0.08 um (VW 11)); 

= rollers (counterbodies) made of steel X155CrVMo12-1 with a hard- 

ness of 56...61 HRC, with working surfaces ground in with KT10/7 

paste (titanium carbide with grain size of 7-10 microns). 
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The characteristics of Avinit C coatings are given in Table 3.5. 


O Table 3.5 Characteristics of Avinit C coatings 


Samples 


Cubes 


Rollers 


Type of coating 


microlayer coatings 
Avinit C/P 310 


multilayer coatings 
Avinit C/P 300 


multilayer coatings 
Avinit C/P 210 


multilayer coatings 
Avinit C/P 100 


microlayer coatings 
Avinit C/P 510 


nanolayer coatings 
Avinit C/P 320 


multilayer coatings 
Avinit C/P 350 


multilayer coatings 
Avinit C/P 210 


multilayer coatings 
Avinit C/P 220 


multilayer coatings 
Avinit C/P 100 


monolayer coatings 
Avinit A/P 200 


monolayer coatings 
Avinit A/P 300 


Coating composition 
Ti-Al-N 
separated 
Ti-Al-N 
unseparated 
Mo-N 
separated 


Ti-N 
Zr- Al-N 
separated 
Ti-Al-N 
separated 
Ti-Al-N 
unseparated 
Mo-N 
unseparated 
Mo-N 
unseparated 
Ti-N 
unseparated 
Mo-N 
unseparated 
Ti-Al-N 
unseparated 


Properties 
H,=3000 kg/mm?, 
h=1-3 um 
H,=3000 kg/mm, 
h=1-3 um 
H,=2300 kg/mm, 
h=1-2 um 


Hy=2000 kg/mm, 
n=10-15 um 


Hy=3500 kg/mm, 
h=1-2 um 
H,y=3500 kg/mm, 
h=20 um 
Hy=2300 kg/mm, 
h=1-3 um 
Hy=2300 kg/mm, 
h=10...15 um 
Hy=2000 kg/mm, 
h=10-15 um 
H,=3100 kg/mm, 
h=12 um 


H,=2800...3300 kg/mm?, 


h=12 um 


Table 3.6 shows the absolute loads, KN, estimates of the running-in 
marks on the samples after testing, as well as the values of the coefficients 
at different values of the load for all investigated friction pairs. In Fig. 3.15, 


the results of these tests are presented in graphical form. 


The surface morphology, roughness, the amount of production after 
testing (geometric properties of the running-in traces) are given in Table 3.7. 

The performed in-depth metallophysical studies make it possible to 
more fully judge the dynamics of the wear process over the thickness of the 
coating and to more reasonably approach the choice of technological pa- 
rameters for the deposition of nanolayer coatings with different thicknesses. 

The parameters of Avinit multilayer and layered coatings during tribo- 
logical tests for seize resistance and wear are given in Table 3.8. 
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3 Experimental studies of Avinit technologies 





Dependence of the coefficient of friction on the 
load for different pairs of friction 


—*— [Avinit C/P 510] - Avinit A/P 


200 (further bully) 
—e— [Avinit C/P 320]- Avinit C/P 


220 

[Avinit C/P 320] - 9415 
cement. 

[Avinit C/P 320] - Avinit C/P 
100 after processing 

[Avinit C/P 320] - Avinit C/P 
220 

[Avinit C/P 320] - Avinit C/P 
220 (further bully) 





Friction coefficient value 




















Load No. 





O Fig. 3.15 Dependence of the coefficient of friction of samples with Avinit C 
coating on the load 





O Table 3.7 Evaluation of running-in traces on samples after tribological tests 


Absolute Coef. Novem Geometric characteristics of traces 
load, kN friction i B of running-in 
1 2, 33 4 
: Height : Rough- 
Main 056 of adhesions, um asa ness 
Avinit C/P 320, 
OF27. 078) 0.1...011 110 max 2 = 
then tear as : 
Contrtilo 6; Depth of working out, um 
Avinit A/P 200 Up to 3 
: Rough- 
Main 056 Depth, um Width, mm eas 
Avinit C/P 320 
0.2 = Up to 12 damage PS) - 
tear 5 
Contrtilo 67/1 Depth of working out, um 
Avinit A/P 300 Up to 0.7 
’ Rough- 
Main 066 Depth, pm ED ones 
Avinit C/P 330 
0.2...0.4 Up to 0.8 0.8 a 
ON OFZ 
then tear ; 
Contrtilo 63 Depth of working out, um 
Avinit A/P 200 Up to 2.5 
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O Continuation of Table 3.7 


1 2 3 4 
' Height ; Rough- 
ie weer of adhesions, um Width, mm ness 
0.2...0.6 (Vi, (0)11 9) ee Up to 50 2B _— 
thensleaty leet - 
Contrtilo 64 Depth of working out, um 
Avinit A/P 200 Up to 3.5 
Main 071 Depth, pm Width, mm Rough: 
Avinit C/P 510 
0.2...1.0 m ie = 
then tear 0:!2:.0.1145 Depth of working wigih mm Rough 
Contrtilo 62 out, um ! ness 
Avinit A/P 200 Ra 0.12 
Up to 2 0.8 (¥ 106) 
; : Rough- 
Main 067 Depth, um Width, mm rae 
0.2.08 Avinit C/P 510 Tate 23 = 
0.03...0.09 
then tear ; 
Contrtilo 77/1 Depth of working out, um 
Avinit C/P 220 Up to 2.5 
Main 072 Depth, um Width, mm pas 
Avinit C/P 510 = = = 
a a Depth of worki Rough 
Contrtilo 63/; cP oi ee aol Width, mm ae 
Avinit A/P 300 = = = 
Main 067 Depth, um Width, mm Rough: 
Avinit C/P 320 
0.2 tear = = = 
Contrtilo 69/; Depth of working out, um 
Avinit A/P 300 = 
, Rough- 
Main 062 Depth, um Width, mm nee 
Avinit C/P 320 = = = 
Me Sa Depth of workin Rough- 
Conte Gian) Got ae | | eam lle ee 
Avinit A/P 300 = = = 
. Rough- 
Main 062 Depth, um Width, mm Sars 
0.06...0.09 Avinit C/P 320 3 LA = 
Op2Frle4 0.13 
; Contrtilo 76/1 Depth of working out, um 
Avinit C/P 220 Up to 5 
Main 072 Depth, um Width, mm feeiag 
Avinit C/P 510 
Contrtilo 73/1 ae Be iy Ing Width, mm ee 


Avinit C/P 220 
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O Continuation of Table 3.7 


OZ 


Oe 


Oe 


Oe 


O2oos 


Oe 


OF 


1 


1.4 


1.4 


1.4 


1.4 


1.4 


1.4 


1.4 


2; 3 
Main 072 
Avinit C/P 510 
On Ont 
0.132 


Contrtilo 7; 
without coat- 


ing 
Main 6/Ne 
without coat- 
ing 
0.06...0.12 
ORS?) 


Contrtilo 73 
Avinit C/P 110 


Main 057 
Avinit C/P 320 


0.05...0.10 
Contrtilo 
Fay without 
coating 


Main 057 
Avinit C/P 320 
0.012 0.03 
Contrtilo 79/; 
Avinit C/P 220 


Main 057 
Avinit C/P 320 
0.01...0.024 
Contrtilo Fios1 
Avinit C/P 220 


Main 057 
Avinit C/P 320 


0.043...0.02 
0.01 
Contrtilo Aust 
Avinit C/P 220 


Main 057 
Avinit C/P 320 


OOF. 013 
0.12 
Contrtilo 7p/no., 
Avinit C/P 110 


4 
Width, Rough- 
Bre ea mm ness 
Ra 0.032 
Up to 1 0.8 (¥ 12a) 
Depth of working out, um Be 7 
Width, Rough- 
Depth, jun mm ness 
Ra 0.08 
Up to 3 1 (¥ 11a) 
3 Rough- 
Depth of working out, um a se 
Pl Ra 0.023 
(¥ 12c) 
Width, Rough- 
MBs eidae 8a mm ness 
1.8 0.8 - 
; Rough- 
Depth of working out, um wee 
Depth, um Width Roughness 
Up to 0.3 0.5 Ra 0.023 (¥ 12c) 
Depth of work- Roughness 
ing out, um Ra 0.02 (¥ 12c) 
Depth, um Width, Roughness 
Up to 0.1 Up to 0.5 Ra 0.025 (¥ 12c) 
Depth of work- Roughness 
ing out, um Ra 0.02 (¥ 12c) 
Depth, um ee Roughness 
Up to 0.1 Up to 0.5 Ra 0.025 (¥ 12c) 


Depth of work- 
ing out, um 


there is no 
production 


Depth, um 


Up to 0.3 


Depth of work- 
ing out, um 


there is no 
production 
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Roughness 


Ra 0.01 


Width, 
mm 


Up to 0.6 


Roughness 


Roughness 


Ra 0.032 (¥ 12a) 
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O Table 3.8 Parameters of Avinit multilayer and layered coatings during 
tribological tests for seize resistance and wear 


microlayer coatings Avinit C/P 320 H,=3500 kg/mm?, h= 1-2 um 
multilayer coatings Avinit C/P 210 H,=2300 kg/mm?, h=1-2 um 
multilayer coatings Avinit C/P 220 H,=2300 kg/mm?, h=20 um 
multilayer coatings Avinit C/P 220 H,=2300 kg/mm?, h=16 um 
nanolayer coatings Avinit C/P 320 H,=3500 kg/mm?, h=1-2 wm 
multilayer coatings Avinit C/P 350 Hy=3500 kg/mm?, h=20 um 


The values of the coefficient of friction in a friction pair (Avinit C/P 210/ 
Avinit C/P 320), recorded during tests for seize resistance and wear (during 
wear tests, average) are shown in Fig. 3.16. 


Avinit C/P 210 / Avinit C/P 320 


Coefficient of friction 
——_—_——_— OO Oe OO 


i 
5 
a 
i 


| 


02200505 S 


orl 


Test time, min. 


—e— Seizure Avinit C210 / Avinit C320 
mobile 

—e— Seizure Avinit C210 / Avinit C320 
fixed 





O Fig. 3.16 Coefficients of friction in a pair of friction 
(Avinit C/P 210/ Avinit C/P 320) 
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During wear tests during the entire test period, the recorded parameters 
were at the same level, and the wear rate was characterized by 20...40 infor- 
mation units of acoustic emission, however, periodic bursts of the wear rate 
up to 140...160 information units of acoustic emission were observed. Frac- 
tographic studies of these samples revealed pitting damage on the contact 
surface of the sample (Fig. 3.17), the state of the contact surface of the reverse 
sample has no comments. 

After testing all friction pairs, there are no signs of increased wear, tear 
of the working surfaces of samples coated with Avinit C/P 320-ms1 and 
Avinit C/P 210-m1, except for the above pitting damage. 

Fig. 3.18 shows the values of the coefficient of friction in friction pairs 
(V 8, Avinit C/P 220, V 10/Avinit C/P 320), recorded during tests for seize 
resistance and wear (during wear tests — average). 


Oo 





a b c 


O Fig. 3.17 Fractography of surface No. 6 at three points along the line of contact: 
a — outer surface; b — the middle part; c — inner surface 


oOo 
V8, Avinit C/P 220, ¥ 10, Avinit C/P 320 





Coefficient of friction 














02) 2910S SEZSESS S PSQOUBERRSES 
Test time, min. a 


—s— Seizure V8, Avinit C220 V10 / Avinit C320 
fixed 





O Fig. 3.18 Coefficients of friction in a pair of friction 
(V8, Avinit C/P 220, ¥ 10 / Avinit C/P 320) 
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After testing all friction pairs, there are no signs of increased wear, tear 
of the working surfaces of specimens with coatings Avinit C/P 320 and V 8, 
Avinit C/P 220, ¥ 10. 

The nature of the change in the steam wear rate is shown in Fig. 3.19. 
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O Fig. 3.19 The nature of the change in the rate of wear of steam No.3/No. 3: 
a — up to the 90th miniline of tests; b — 90th miniline of tests; 
c — during the time until the end of the tests 


Traces of mutual running-in on the contacting ends of the samples are 
more pronounced. 

The traces of running-in on the samples shine and do not have traces of 
adhesion, and even more so, catastrophic damage to the coatings. 

During wear tests of steam from the 120th minute, the friction co- 
efficient began to decrease and reached abnormally low values (0.0048), 
followed by a transition to periodic fluctuations from 0.02 to 0.1. Mu- 
tual traces of running-in on the working ends of the samples are practi- 
cally absent. 

No noticeable difference was found in the work of friction pairs, which 
include samples with different surface preparation for Avinit C/P 220 coating. 

The results of testing coatings in friction pairs Avinit C/P 220, VW 10/ 
Avinit C/P 350, W 10) are given in Table 3.9. 

After testing all friction pairs, there are no signs of increased wear, tear 
of the working surfaces of samples with coatings Avinit C/P 350 ¥ 10 and 
Avinit C/P 220 W 10. 

Operating time of Avinit C/P 350 V 10 and Avinit C/P 220 V 10 under 
conditions: load 1600N, 500 rpm, lubrication — TC-1 fuel, both direct and 
reverse friction pair after tests according to this section 40 hours on each 
specified sample. 
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When testing coatings in friction pairs (Avinit C/P 220, W 10/ 
Avinit C/P 320), tested specimens were used as reverse parts making up 
the friction pairs and externally did not have any damage. 


O Table 3.9 Values of specimen wear during wear tests for 8 hours of friction pair 
Avinit C/P 350 V 10 and Avinit C/P 220 ¥ 10 


Friction = = zal 2s 
pair ae ae Average ape ical Average Total oe 
stationary mobile «direct» pair 
No. 1/No. 1 0.0005 0 0.0005 
No. 2/No. 2 0.0002 0.00032 0 0 0.0002 0.00032 
No. 3/No. 6 0.00025 0 0.00025 
mobile stationary «reverse» pair 
No. 4/No. 1 0.0006 0.0001 0.0007 
No. 5/No. 2 0.00035 0.00038 0.00015 0.00013 0.0005 0.00051 
No. 6/No. 6 0.0002 0.00015 0.00035 








The values of specimen wear during 8 hours of testing of the friction 
pair Avinit C/P 220, V 10 / Avinit C/P 320 are given in Table 3.10. 


O Table 3.10 Values of specimen wear during 8 hours of testing friction pair 


Avinit C/P 220, W 10 / Avinit C/P 320 


Friction pair 


Avinit C210 Average 
stationary 
No. 1/No. 1 0.0043 
No. 2/No. 2 0 
0.10425 0.03618 
No. 4/No. 4 (pitting de- 
struction) 
mobile 
No. 3/No. 3 0.0586 
No. 5/No. 5 0.0028 
0.00135 0 .02092 
No. 6/No. 6 (pitting de- 
struction) 


Wear, gr. 
ee Average Total pie 
mobile «direct» pair 
0.00115 0.00545 
0 0 
0.00072 0.0369 
0.001 0.10525 
stationary «reverse» pair 
0 0.0586 
0.0021 0.0049 
0.00148 0.0224 
0.00215 0.0035 
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After tribological tests in friction pairs (W 10, Avinit C/P 220, W 10/ 
Avinit C/P 320), the working surfaces of the samples with Avinit C/P 220 
coatings were machined with a 5...6 [um allowance to the geometric one. 
parameters: no plane <0.001 mm; roughness Ra 0.16 um (¥ class 10). As 
a result, a coating Avinit C/P 220, V 10, 5...10 um thick, was created, which 
was tested together with a coating that had already passed tribological tests 
Avinit C/P 320 and was not subjected to any modification after preliminary 
tests. After testing all friction pairs, there are no signs of increased wear, tear 
of the working surfaces of samples with Avinit C/P 220 and Avinit C/P 320 
coatings. The Avinit C/P 320 coating operating time under the following 
conditions: load 1600N, 500 rpm, lubricant — TC-1 fuel, both direct and re- 
verse friction pair after tests according to this section was 24 hours on each 
specified sample. 


3.4.2 Tribological characteristics of Avinit D coatings 


The results in the form of tables and graphs for Avinit D/P 100 coat- 
ings (Ti-C; Ti-C: H, Ti-C-N, Ti-C-C) are shown in Fig. 3.20 and Table 3.11, 
and for Avinit D/P 200 coatings (MoC, MoC-C, Mo-C-N, Mo-C: H) — 
in Table 3.12. 








roller 
(cementation) 
—— cube (TiC)/ 








( 

roller (MoN) 
—— cube (MoN)/ 

roller (MoN) 


——— cube (TiC)/ 
roller (MoN) 


Friction coefficient value 


0.2 04 06 08 1.0 1.2 1.4 
Load, kH 











O Fig. 3.20 Dependence of the coefficient of friction on the load 
for friction pairs, that worked without wear and tear 
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Avinit vacuum-plasma technologies in transport machine building 


Analysis of the results. The entire obtained array of tribological data 
for the investigated coatings is shown in the middle form in Fig. 3.21. 
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Weight wear of samples for 8 hours of testing (500 rpm, load 1600N, TS-1 grease) 
[average values] 






















#.0001 init C320-n1_| (fixed) 

0.0005 y 0 ape at at . Vi0 
Y 

0.0006 total wee: 


0.00013 Avini 0-1 (mobile, 
0.00107 V10, Avinit C220}716/5, ¥10 
0.0012 totalwear 0}0012 
0.00018 Avinit C350-720/1p. v 10 (fixed 


g:00838: V10, Avinit C2204r16/10, ¥ 10 
0.00081 total wear 0100051 
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totalwear 0 
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0.00101 total wear 0}00101 
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0.00081 total wear 100091 
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O Fig. 3.21 Generalized array of tribological data 


Comparison with the test results «coated steel — bronze Br.010C2N3, 
processed according to the factory technology», as well as with bronzes 
Br.010C2N3, VB-23, VB-24 with uncoated steel shows that the presence of 
the developed coatings significantly increases the resistance of tribopairs to 
seize, increasing the seize value P,, and practically preventing seize. 
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3 Experimental studies of Avinit technologies 


Tribological studies of improved Avinit coatings have shown that coat- 
ing deposition effectively improves steam seize resistance by increasing the 
seize value Pcr. The use of multilayer coatings (for example Avinit C/P 110 
of the TiN-Ti type) leads to an increase in Pcr in comparison with monolayer 
coatings (for example, Avinit C/P 100 of the TiN type). Particularly effective 
are coatings based on Avinit C/P 220, which have the highest P,; values. 

All of the improved coatings had low coefficients of friction at loads 
up to 2.0 KN. This is evidenced not only by an increase in the load during 
tests to the limit, but also by the course of the dependence of the friction 
coefficients on the load, after a certain rise with an increase in the load to 
0.6—-0.8 kN, it decreased to a maximum load of 2 KN. 

The values of the friction coefficients for all types of coatings have fair- 
ly close values and at loads over 1.0 KN they are in the range from 0.06 to 0.1. 

The smallest coefficient of friction small steam — Avinit C/P320 coat- 
ing — Avinit C/P220 coating. The value of the coefficient of friction of the 
steam did not exceed 0.095 in the entire range of loads, and at the maximum 
load it was 0.065, which corresponds to the minimum value obtained for the 
pairs of friction with the investigated coatings. 

All coatings in the tests showed high wear resistance, the value of 
which did not exceed 0.8 um. 

Friction pairs, the working surfaces of which have micro- and nanolayer 
coatings Avinit C/P 320, Avinit C/P 320, Avinit C/P 350, Avinit C/P 220, 
Avinit C/P 220, Avinit C/P 220, have been tested in limiting lubrication 
conditions are characterized by: 

= high constancy to seize; 

= lack of secondary running-in; 

=" asufficiently high stability in time of the coefficient of friction when 

operating at a constant load; 

= significantly less difference between «direct» and «reverse» pairs, in 

comparison with the «base» pair VB23NS bronze/nitrided steel 30X3VA. 

All tested friction pairs with nanocoatings have a clearly defined run- 
ning-in period of 60 minutes, after which the values of the friction coeffi- 
cients stabilize and, with a constant load of 1600N, are within 0.09...0.132. 

Comparison of the bronze surface after testing with different types of 
coatings showed that Avinit C/P 320 coatings provide the best roller run- 
ning-in among the tested friction pairs. On the other hand, the amount of 
wear of this type of coating has minimum values, which in general allows to 
consider this pair as the best according to the results of the tests performed. 

The best combination of wear resistance and tribological properties was 
shown by a friction pair composed of Avinit C/P 220 coatings (16...20 um 
thick), followed by machining by grinding to a thickness of 10...15 um, and 
Avinit C/P 320-n1 um), without further machining. 

This pair had the smallest coefficient of friction (F;,=0.095 in the entire 
load range, and at maximum load F;,-=0.075) and practically zero wear in 
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8 hours tests. Wear resistance significantly exceeds the pair VB23NS/ni- 
tride steel 30X3VA (selected as one of the best options that exist at present 
for the operation of friction pairs): 

a) 12 times minimum for the couple as a whole: 

b) 2.5 times the minimum for a harder steam sample; 

c) 44 times the minimum for a softer steam sample; 

d) on «straight» steam after testing for 8 hours, no weight wear by the 
applied control methods was found. 

Weight wear detected after 8 hours of wear tests is less than that of the 
«base» pair: 

= 2.7 times for a «straight» pair; 

= 8.1 times for the «reverse» pair. 

Based on the tribological tests carried out, the choice of improved coat- 
ings based on the Ti-Al-N system was made to increase the wear resistance 
and reduce the coefficient of friction of pairs. 

The best combination of wear resistance and tribological properties was 
shown by a friction pair composed of Avinit C/P 220 coatings (16...20 um 
thick), followed by machining by grinding to a thickness of 10...15 um, and 
Avinit C/P 320, without further machining. It had the lowest coefficient of 
friction and practically zero wear in 8 hours tests. 

To increase wear resistance and reduce friction coefficients, Avinit 
multicomponent multilayer coatings based on carbide systems — Avi- 
nit D/P 100 (Ti-C; Ti-C:H, Ti-CN, Ti-CC) and Avinit D/P 200 (Mo-C, 
MoC-C, Mo-CN, Mo-C:H). 

At present, the processes of applying such coatings to specific parts 
in full-scale friction units are being tested for carrying out resource and 
aggregate tests. 

Summing up the results of in-depth metallophysical and tribological 
studies, it is possible to formulate the features of Avinit coatings that make 
them extremely attractive for industrial implementation, primarily in preci- 
sion friction pairs: 

1. Asignificant increase in the spectrum of sources, provided by the com- 
plexity of the methods used, makes it possible to obtain a coating from almost 
any elements and alloys, refractory oxides, carbides, nitrides, cermet compo- 
sitions based on refractory metals and oxides, which significantly expands 
the possibilities of creating fundamentally new materials and coatings of as- 
semblies and parts for various purposes operating under extreme conditions 
in terms of temperature, exposure to aggressive media, mechanical stress. 

When obtaining Avinit coatings, it is possible to switch to the nano- 
range for the implementation of the processes of controlled formation of 
multicomponent nano- and microstructural coatings with specified cha- 
racteristics, containing a large number of layers of various chemical com- 
positions (metal, nitride, carbide, oxide, etc.) with a thickness from units to 
hundreds of nanometers. 
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The correct choice of individual layer materials, deposition methods 
and optimization of technological parameters create the preconditions for 
the synthesis of materials with a set of unique properties, including extreme- 
ly high rigidity, strength, chemical stability, low friction coefficient and 
increased wear resistance. 

The developed software products make it possible to move to the micro- 
design of functional coatings and ensure the production of specified nano- 
and microlayer multicomponent coatings and reach a qualitatively new level 
of further modification and improvement of Avinit coatings designs, tech- 
nology stability and improved quality control when applying such coatings. 

2. For the formation of reinforcing superhard and wear-resistant and 
antifriction nanostructured coatings by complex methods of vacuum-plas- 
ma and plasma-chemical deposition from the gas and vapor phases using 
nonequilibrium low-temperature plasma, technological schemes and their 
variations have been worked out depending on the type of substrate and 
application features, taking into account the requirements for ensuring the 
necessary properties coatings depending on their functional purpose. 

3. Avinit coatings are deposited on precision surfaces of high cleanli- 
ness class up to 12-13 class without reducing the class of surface cleanliness. 
This is achieved by the possibility of using effective technologies for surface 
cleaning in the technologies being developed — cleaning in Ar glow dis- 
charge, cleaning in a two-stage vacuum-arc discharge (TVAD) and cleaning 
with metal ions, as well as preventing surface damage by micro-arcs due to 
an improved three-level (mechanical, electrical and electronic) arc extin- 
guishing system, providing high quality surface cleaning from oxides and 
other contaminants without the occurrence of electrical breakdowns. 

The deposition is carried out at low temperatures, not exceeding the 
tempering temperatures of the base material, which ensures the preserva- 
tion of the mechanical characteristics of the coated products. 

4. Avinit coatings have a nanolayer and multilayer structure and contain 
a large number of layers of different chemical composition (metal, nitride, 
carbide, oxide, etc.) with a thickness from units to hundreds of nanometers. 

Layers of different chemical composition are applied using combined 
methods — PVD (vacuum arc and magnetron sputtering) and CVD (gas 
phase and plasma chemical deposition). 

The layer structure is provided by programmable coordinated modes 
of operation of plasma sources (both PVD and CVD), working gases (argon, 
nitrogen, carbon- and oxygen-containing gases) and high potential applied 
to the substrate. 

The conducted studies allowed to select the temperature-time parame- 
ters of obtaining Avinit reinforcing coatings to increase the wear resistance 
of the working surfaces of precision friction pairs, ensuring the production 
of coatings of a given composition with a thickness of 1-3 um, and to deve- 
lop software products for obtaining such coatings on Avinit equipment and 
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development of technologies for applying multifunctional multicomponent 
multilayer coatings on real parts of serial units. 

Based on the concept of nanolayer coatings, the proven technological 
parameters of the processes (PVD and hybrid PVD + CVD) for the deposi- 
tion of multilayer and nanolayer coatings in metal-nitrogen and metal-car- 
bon systems using vacuum plasma (PVD) and plasma-chemical (CVD): 

a) «hard and superhard coatings»: 

= nitride-based in metal-nitrogen systems — monolayer and multi- 

layer (Ti, Mo, Zr, Cr) N, Ti-Al-N, Ti-Mo-N, Zr-Ti-N, etc.; 

=" carbide-based in metal-carbon systems — monolayer and multilayer 

TiC, monolayer Ti-CN, nanolayer TiC-TiN, nanolayer TiC-C, MoC 

monolayer structures, monolayer Mo-CN, nanolayer MoC-C, monolayer 

TiC:H , nanolayer TiC: H-TiN, nanolayer and multilayer TiC-C: H, mono- 

layer MoC: H, nanolayer MoC: H-TiN, nanolayer MoC: H structures; 

b) «metal-metal coatings» — metal multilayer PVD coatings of Mo, Ti, 
Zr, Nb, Cr, Ni; multilayer PVD coating based on Cu-Mo-N; multilayer PVD 
coating based on (Cu-C) (with different carbon content). 

Experimental results confirm the possibility of low-temperature depo- 
sition of high-hard wear-resistant Avinit coatings based on metal nitrides 
and carbides in modes that provide good adhesion to substrate mate- 
rials (X162CrMoV12 steel with a precision surface Ra=0.025 um) without 
a significant decrease in the strength characteristics of steel (<200 °C) and 
the initial surface cleanliness class. 

Multicomponent multilayer nanolayer coatings have been developed 
that have high wear resistance and tribological characteristics. 

The combination of high hardness, wear resistance and low values of 
the coefficient of friction in hard and superhard Avinit coatings is important 
when used in friction pairs to prevent tear. 

The obtained results of metallophysical and tribological studies are the 
basis for the selection of coating materials and the development of new de- 
signs of wear-resistant antifriction coatings to increase the performance of 
friction pairs in the «coating-steel» and «coating-coating» systems, as well 
as to develop the processes of their application. 


3.5 Plasma precision nitriding of Avinit N 


In mechanical engineering, very common special technological processes 
to improve the performance of parts and structures are the methods of chemical 
thermal treatment (CTO) (carburizing, nitriding, nitrocarburizing, etc.) [67-71]. 

A new method of vacuum-plasma precision nitriding of metals and 
alloys Avinit N in high-density low-temperature nonequilibrium nitrogen 
plasma has been developed and patented in the research and production 
corporation FED JSC [72-74]. 
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This method is described in detail in [29, 30, 75]. 

Plasma burns evenly in large volumes, providing uniform heating of 
parts to the required temperature and nitriding of complex-shaped products 
of various shapes and sizes, including through and blind holes. Its density 
is several orders of magnitude higher than during ionic nitriding in a con- 
ventional glow discharge, as a result of which the formation of the nitrided 
layer is intensified. 

Compared to widely used nitriding methods (ionic, liquid and gas), va- 
cuum-plasma precision nitriding of Avinit N has the following main advantages: 

= the method of plasma nitriding ensures the absence of deformation 

of the part (distortion) while maintaining the original geometric dimen- 
sions after nitriding with an accuracy of 1—2 um. After precision plasma 
nitriding of Avinit N, the original dimensions of the parts are retained. 

There is no brittle surface layer typical for traditional nitriding methods. 

This allows an accurate «to size» nitriding operation to be obtained; 

= the formation of a nitrided layer is significantly accelerated by 

2-5 times compared with the traditional method of ion nitriding in 

a glow discharge and 5—10 times compared with gas nitriding; 

= the hardness of the nitrided layer increases due to obtaining a uni- 

form hardened nitrided layer, which increases the fatigue limit and 

wear resistance of the processed parts [76]; 

=™ stable processing quality is ensured. Nitriding of geometrically 

complex products of various shapes and sizes, including through and 

blind holes, is possible; 

= it is possible to carry out nitriding and apply superhard Avinit coat- 

ings in a single technological process. 

Plasma nitriding Avinit N provides: 

=™ reducing the processing time by 10-50 times, both by reducing the 

processing time by 85 %, and by eliminating the final high-precision proof, 

= absence of ammonia and hydrogen-containing compounds in work- 
ing gases, reducing the consumption of working gases by 80 %; reduc- 
tion of electricity consumption by 70-75 %; 

= reduction of deformation of parts, excluding finishing grinding. 

Plasma precision nitriding processes eliminate the disadvantages of 
traditional industrial nitriding processes (traditional ion nitriding, liquid 
and gas nitriding), increase the performance properties of parts, and expand 
the range of processed materials. 

Plasma precision nitriding of Avinit N is widely used by FED JSC in the 
serial production of aviation products instead of traditional methods of ion 
nitriding, liquid and gas nitriding. 

Considering the significant advantages that provide new vacuum-plas- 
ma technologies for chemical and thermal treatment of Avinit, these tech- 
nologies using high-density low-temperature nonequilibrium plasma will 
find industrial application in transport engineering, in particular, to improve 
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the performance of diesel engines and create new materials using plasma 
precision nitriding processes. Avinit N. 

Examples of plasma nitriding Avinit N: 

1. Full-size high-precision gear wheel of an aircraft engine (SE «Ivchenko- 
Progress», Zaporizhzhia) [77]. 














O Fig. 3.22 Plasma nitriding of Avinit N gear (steel 34NiCrMoV14-5) 


The gear is made in 4 degrees of accuracy (up to 1 Um). Plasma ni- 
triding of Avinit N. The depth of the nitrided rat is 0.3 mm. Microhardness 
Hy=730-930. 

The original geometric dimensions before and after nitriding are pre- 
served with an accuracy of 1-2 m. No changes in the geometry of the teeth of 
the wheels and wear of the coating were found after tests in the engine gearbox. 

2. Separator for helicopter freewheel clutch (Motor Sich JSC, Zapo- 
rizhzhia) [43]. 

The depth of the nitrided layer is 0.2 mm. Microhardness Hu=730-830. 
Coating thickness Avinit C 1.5 um. Microhardness Hu=3000. 


oO 

















O Fig. 3.23 Helicopter freewheel separator 
(plasma nitriding Avinit N + Avinit nanocoating) 
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Avinit Plasma Nitriding, combined with subsequent application of 
Avinit Super Hard Coatings, eliminates the fretting wear of the sliding sur- 
faces common in commercial separators. 





O Fig. 3.24 Serial parts of aviation hydraulic units nitrided with precision plasma 
nitriding Avinit N [29, 30] 




















O Fig. 3.26 Serial nitriding of aircraft unit bodies made of BT6 titanium alloy [29, 30] 


3.6 Metallic coatings for corrosion protection 
in hydrogen-containing environments 


It is known that hydrogen intensively interacts with a number of me- 
tals, changing their properties. The most dangerous from the point of view 
of deterioration of operational characteristics is the process of formation 
of brittle hydrides and the development of gas porosity in the bulk of the 
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material, which sharply reduces the strength and often leads to premature 
destruction of products. 

Hundreds of publications are devoted to this issue every year. The main 
regularities of the interaction of hydrogen with metals have been studied in 
sufficient detail, however, the problem of suppressing the harmful effects 
of hydrogen on the properties of materials under real operating conditions 
remains relevant. This is due to the following circumstances: 

1) the criteria that determine the maximum permissible concentration 
of hydrogen in the material, as a rule, are established when conducting 
research on microsamples and do not guarantee the absence of fragility in 
complexly stressed large-sized structures; 

2) the forms of manifestation of hydrogen embrittlement and the cor- 
responding mechanisms causing it are quite diverse. Therefore, it is not 
always possible to foresee all the options for the effect of hydrogen on mate- 
rials and, accordingly, prevent the harmful consequences of such an effect; 

3) hydrogen in metals under «normal» operating conditions (room 
temperatures and above) is quite mobile. Therefore, under the influence of 
gradients of temperatures, voltages, electric and magnetic fields, local sig- 
nificant hydrogen saturation of individual regions of the material is possible. 

An effective way to prevent the harmful effects of hydrogen on mate- 
rials can be the application of protective coatings that impede the penetra- 
tion of gas into the product and ensure the concentration of H2 in the metal 
is below the maximum permissible during the entire service life. 

This section presents the results of studies of the mechanisms of in- 
teraction of hydrogen with materials due to coating and the effect on these 
processes of the characteristics of coatings and some external factors of 
their operation: 

1. Physical mechanisms of molecular hydrogen penetration into metals. 

Schematically, the process of hydrogen penetration from the gas phase 
into the metal is usually represented [88] consisting of several stages: 

1. Physical adsorption of hydrogen on the metal surface, in the first 
approximation, depends only on the P and T gas. 

2. Chemisorption processes — the interaction of an adsorbed molecule 
with active centers of the surface, the transition of a molecule to a higher 
energy state, in the limit — its chemical dissociation and saturation with 
«hydrogen atoms» of the «surface» layer of the metal. 

3. Diffusion of hydrogen «atoms» from the surface layer into the bulk 
of the matrix with the formation of a solid solution. 

4, Strengthening of the solid solution at the moment of its «saturation» 
and the formation of hydride. 

A diagram of the change in the energy of gas particles dissolved in the 
metal lattice can be presented in the form (Fig. 3.27). 

Here F — potential energy of the metal-hydrogen system. The energy 
of a diatomic molecule that does not interact with the metal is taken as zero. 
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O Fig. 3.27 Diagram of the change in the energy of hydrogen when 
interacting with a metal. I — gas; II — surface layer; HI — metal 


The PA curve describes physical adsorption and is characterized by 
a wide potential minimum of shallow depth (NFA). 

The XA curve refers to the chemical adsorption of a dissociated 
gas (HD is the dissociation energy of a molecule) and is characterized by 
a narrow deep minimum AHx, (AHx, heat of chemisorption). 

The transition from the physically adsorbed state to the chemically 
adsorbed state is associated with overcoming the activation energy E¢, and 
from the molecular state to the chemisorbed state, the energy E,. 

The activation energy of chemisorption depends on the relative position 
of the potential curves of FA and CA, in particular, ES can vary from zero to 
the dissociation energy of the molecule AHD (431 kJ/mol). The dissolution 
of hydrogen from a chemisorbed state is characterized by the activation ener- 
gy £,. Finally, the diffusion of hydrogen atoms from the surface layer into the 
bulk of the matrix is associated with the activation energy of migration Ep. 

If to consider such a phenomenon as the permeability of metal mem- 
branes from the standpoint of using protective coatings, then it is also ne- 
cessary to take into account the process of hydrogen penetration through 
the boundary from the side of the membrane outlet. In the future, since this 
aspect of the problem of the interaction of gaseous hydrogen with metals 
is of the greatest interest, it is advisable to define the very concept of water 
impermeability. 

The rate of hydrogen penetration is measured by the amount of gas (kg, g, 
mol, cm’, cm/100 g) passing per unit time through a flat metal membrane 
of thickness ] and area S in a steady state at a given temperature T and 
a pressure difference P; and P», called flow J through a single membrane 
area: j=J/S. The penetration coefficient or permeability is defined as 
a value numerically equal to the rate of penetration through a membrane of 
unit thickness at P;}=1 atm and P)=0. 

Thus, for a given membrane thickness and external pressure, to esti- 
mate water penetration, it is sufficient to know the steady-state flux den- 
sity j, which is obviously determined by the slowest of the above stages of 
hydrogen penetration. 
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In this regard, an approximate estimate of the characteristic times of 
the processes occurring during water penetration may be useful. 

The characteristic time of the change in the hydrogen concentration 
along the length | due to diffusion is estimated by the formula: 


tD ~ P/D. 


Formally, it is possible to introduce the characteristic times of the 
change in the hydrogen concentration in the «surface» layer of the metal 
from the side of the entrance due to the processes of hydrogen penetra- 
tion through the metal-protected material interface. Then the following 
cases can take place: Tsec, To<<Tag — the water impermeability process is 
controlled by adsorption processes. In this case, a uniform distribution of 
hydrogen throughout the entire thickness of the metal membrane is en- 
sured, as well as thermodynamic equilibrium at the «metal-protected ma- 
terial» interface. 

The flux density will be determined by the supply of hydrogen to the 
surface layer of the coating. Strictly speaking, in this case, two stages must 
be distinguished: (1) directly chemisorption or activated adsorption, and 
(2) the transition of atoms from the chemisorbed layer to the crystal lattice. 

Each of them has its own characteristic time and can be controlled 
when the surface layer of the metal is saturated with hydrogen. The contri- 
bution of surface processes to water impermeability is usually formulated in 
terms of the steady-state flux density j. 

Calculating j is a tricky task. In general, j can be represented as: 


J=k,(Cp2— 2) for stage (1); 
j=ko(Cp—C) for stage (2), 


where Cp, — equilibrium concentration obtained from Sieverts' law; 
Cp=VP-const; C — concentration of gas in the metal. 

Both expressions do not depend on the thickness of the protective coat- 
ing, which can serve as a criterion for determining the control mode. The 
constants k; and ky substantially depend on the sequence of microscopic 
events preceding chemisorption, as well as on the state of the metal surface. 

In the first case, this is reflected in the value of the activation energy of 
chemisorption, in the second, on the accommodation coefficient S, which is 
defined as the fraction of chemisorbed particles in relation to those in con- 
tact with the surface. The latter, in turn, depends on the degree of filling of 
the active centers of the surface 8, on which chemisorption actually occurs, 
and in the simplest version has the form: 


S=S,(1—67), 
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S, — accommodation coefficient at 2=0. Moreover, the value of the heat of 
chemisorption AHx,, and, consequently, the value of the activation energy 
of the process also depends on the value of 0 (Fig. 3.28). 

Fig. 3.28 depicts the qualitative change in Hx, and FE, with an increase 
in the parameter 0. As 0-1 tends, F, increases, that is, it becomes more 
and more difficult for Hz molecules to «incorporate» into the metal surface, 
since less active adsorption centers remain on the surface over time. This en- 
tails a decrease in the accommodation coefficient, and hence the efficiency 
of chemisorption. 

A decrease in the heat of adsorption leads to a change in j both in 
case (1) and in case (2). Therefore, reference books usually give the value of 
the initial heat of adsorption (at 6=0), which is a qualitative characteristic of 
the intensity of the chemisorption process at an early stage. The more Hxa, 
the stronger the chemical relationship between the metal and hydrogen, the 
more intense the chemisorption. 

A similar characteristic (2) at the initial stage can, apparently, be the 
value of the activation energy of dissolution E,=AHy,4+ (AHp+ Em). The 
more E,, the more difficult it is for chemisorbed hydrogen atoms to penet- 
rate into the surface layer of the metal. Therefore, the good adsorbed pro- 
perties of the metal do not mean at all that the penetrating ability of hydro- 
gen into the surface layer of the metal is just as great. 

Large values (AH, + Em) can greatly complicate the process of pene- 
tration and make stage (2) a controlling stage of water penetration. Con- 
sequently, when predicting the material for a protective coating, it is not 
enough to classify them according to the AHx, value, without taking into 
account the E, value: 


Tsecr Tag<<Tp — diffusion-controlled case. 





O Fig. 3.28 Change in the heat of chemisorption of hydrogen Hx, 
and the activation energy of the transition from molecular to chemisorbed state FE, 
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Here, in the «surface» layer at the inlet, an equilibrium concentration 
of hydrogen C, is rapidly established at a given pressure and temperature. 
At the outlet, the removal of hydrogen across the metal-protected material 
interface has time to take place. Therefore, the hydrogen concentration can 
be considered zero. Under these conditions, there is a stationary diffusion 
flow of hydrogen through the protective coating, the density of which is 
given by the expression: 


J~DC,/1; D=Doexp(— Em/RT), 

Cp=AoVP exp(—AH,/RT). 

Accordingly, for water penetration, according to the definition, there is: 
p=DC,/\P. 


When choosing a material for a protective coating, one can compare 
not the absolute values for specific materials, but the value in relation to 
other applicants. Hence it follows that sufficient information for this is pro- 
vided by the estimate DC,, since: 


pi/pj=DiCp / DiC} (i#)). 


It should be noted that the pure water penetration is understood as the 
diffusion-controlled mode, when the equilibrium concentration determined 
by the Sieverts law is maintained in the surface layer. Therefore, graphs of 
the permeability of metals to hydrogen are usually given in variables /,p (p in 
cm?/s-bar!’?) — 1/T. The presence of a straight line on the graphs means the 
diffusion controllability of the process. Deviations from a straight line are 
associated with surface action. 

Tag) To<Tsec — the process is controlled by the removal of hydrogen 
from the coating metal, while the equilibrium concentration Cp is main- 
tained throughout the entire depth of the coating. 

A qualitative characteristic of the efficiency of this stage, apparently, 
can be the value (E,-+AH,) on both sides of the coating boundary — the 
protected material (Fig. 3.2). It follows from Fig. 3.2 that the difficulties in 
the transition of hydrogen from the coating to the protected sample can be 
associated with overcoming an additional barrier: 


AH= (Em!) + AHp®)) — (Em!!) + AHp'). 


Then the sign AH would determine the character of such a transition. 
It is interesting to note that the quantity (E,)')-++AH,"") also appears in the 
formula for the permeability in the diffuse case. Moreover, the requirement 
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to slow down diffusion processes means the choice of a material with a ma- 
ximum value (E,,' + AH,")). But this deliberately facilitated the penetration 
of hydrogen into region III (Fig. 3.29). Thus, effectively combining the latter 
two modes is perhaps difficult, if possible. 












mM 
ON 
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O Fig. 3.29 Diagram of hydrogen energy change during diffusion in the «coating — 
protected material» system: I — matrix of the coating metal; Il — transition layer; 
Ill — matrix of the protected material 


If to take into account the ability to inhibit the process of saturation 
with hydrogen of the surface coating (max E,), then, of course, the real way 
of creating effective protective coatings can only be associated with the in- 
hibition of surface or diffusion actions, and better both at once. 

2. Analysis of experimental data on the effect of the characteristics of 
various metals on their water resistance. 

As shown above, the surface properties or the degree of interaction 
with hydrogen, as well as the values of the diffusion coefficient and solu- 
bility of hydrogen in the material under consideration, should be attributed 
to the number of characteristics of a material that can most affect its water 
resistance. If we consider the surface properties of materials in connection 
with the possibility of using them as protective coatings in hydrogen-con- 
taining media, then the materials of greatest interest are those whose hydro- 
gen chemisorption is minimal. 

According to [88, 89], Au, Zn, and Cd seem to be among the elements 
least active with respect to hydrogen. There are no quantitative data on 
their heats of adsorption in the literature, probably due to the smallness 
of surface activated adsorption. Concerning Cd, this is a direct indica- 
tion [90]. Hydrogen does not dissolve noticeably in either solid or liquid 
gold and cadmium. 

The data on the solubility of hydrogen in Zn are contradictory. Accord- 
ing to Sieverts, at T<600 °C, hydrogen does not dissolve in either solid or 
liquid zinc. Also, no interaction was found between Zn and activated hydro- 
gen. Other authors [91, 92], on the contrary, classify zinc as one of the metals 
capable of enclosing hydrogen. 
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However, this ability, even if it takes place, is at temperatures above Ty. 
It should also be noted that there are no data on the diffusion of hydrogen 
in Au, Zn, and Cd, which may indicate the low solubility of hydrogen in 
these metals. 

Among the metals that practically do not interact with hydrogen at 
temperatures close to room temperature, aluminum should be attributed, for 
which there are also no data on the heat of hydrogen adsorption. It is only 
indicated that the processes of dissolution and permeability of hydrogen in 
solid aluminum are highly complicated and limited by the state of the sur- 
face: the permeability of hydrogen in an ordinary atmosphere is scarce and 
increases by a factor of 100-1000 when hydrogen is activated, for example, 
by a glow electric discharge [93]. 

Silver and copper are also metals that interact very weakly with hy- 
drogen, although the adsorption of hydrogen on these metals has been ob- 
served experimentally [94-97]. The listed metals form a series for which the 
surface processes of interaction with hydrogen are rate-determining, and 
which, according to this parameter, can be considered as one of the most 
effective metals for coatings that prevent flooding of protected materials. 
According to the degree of efficiency, in decreasing order, these metals can 
be placed as follows: Au, Cd, Zn, Al, Ag, Cu. 

For other metals, chemisorption processes are experimentally recor- 
ded, proceeding with greater or lesser intensity [95], or by their properties, 
for example, such as potassium, pure tin, and some others that are not very 
suitable for use as coatings, which makes it possible to exclude them from 
the above series of metals. 

Comparative analysis of experimental data on such characteristics as 
hydrogen solubility and diffusion coefficients of various materials in the 
range of room temperatures is rather difficult to carry out, since practi- 
cally for most materials of interest in this consideration, these character- 
istics were determined at higher temperatures. Therefore, only estimates 
can be made by extrapolating the available data to the room tempe- 
rature range. 

Among the materials that can serve as effective diffusion barriers for 
hydrogen, first of all, one should include Au, Cd, Zn, which, as mentioned 
above, practically do not dissolve hydrogen. Comparison of the values of 
permeability p=DC;,/ VPno, calculated on the basis of the available literature 
data for less diffusion-permeable metals (Table 3.13) shows that W, Mo, Al, 
Ag, Cu should be included among those already mentioned. 

Assuming that hydrogen penetration is controlled by diffusion, it 
is possible to estimate the time it takes to reach the boundary hydrogen 
concentration no through the protective coating, which critically affects 
the properties of the protected material. In this case, we will assume that 
all surface processes proceed rather quickly, and an equilibrium hydrogen 
concentration is established at the surface layer of the metal. 
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Then D,C,St,/d — the number of hydrogen atoms reaching the me- 
tal surface at the outlet during t,, (d — thickness of the coating); on the 
other hand, their max allowable amount in the protected metal is equal 
to Vno (their uniform distribution is assumed; V — volume: 


Vitg=DnCpStn/d, 


that is, all the hydrogen that has reached the limit is immediately absorbed 
by the sample and distributed over the volume V. Hence: 


tpP=dL/Dy-No/ Co, 


where L=V/S — characteristic scale of the sample. 

In the calculations, let's take J=0.1 cm; d=10 um=10 cm, np=10* % (at.). 
The results of calculating t,? for some metals are given in Table 3.13. 
Based on them, it is possible to again write a series: Au, Cd, Zn, W, Mo, Al, 
Cu, Ti (coinciding with a similar comparison obtained), in which the satura- 
tion time increases from right to left. These estimates show that Ag, Al, Mo, 
W can serve as effective diffusion barriers to hydrogen. 

Let's now estimate the saturation time, assuming that the rate-deter- 
mining stage is the penetration of hydrogen from the chemically adsorbed 
state into the surface layer. 

In this case, the diffusion stage proceeds much faster, and all the 
hydrogen penetrating into the surface layer of the protective coating is 
immediately delivered to the metal to be protected, so that the hydrogen 
concentration in the surface layer is maintained at zero. 

Then NC,exp(-E,/RT)St, — the number of hydrogen atoms penetrat- 
ing into the surface layer of the metal, overcoming the barrier E, — the ac- 
tivation energy of dissolution; N — vibration frequency of the H atom in the 
surface potential well. In addition, the max allowable amount of hydrogen 
in the leveling sample Vio. 

Here, 


tP=Lno/V Cy-exp(Ep/RT), 


C, — surface density of hydrogen; E,=AHx,+E,+AHp, 

It should be borne in mind here that AHx, depends on the degree of fill- 
ing of surface active centers with hydrogen, and AHx, tends to zero at 0-1. 
Taking this into account, to estimate t? as C, let's take the saturation densi- 
ty, that is, the maximum number of particles in the sample area, which can 
be accommodated there. But in this case, AHy, can be neglected, and t? 
takes the form: 


tP =Lno/VC,™*exp((EmtAHp)/RT). 
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3 Experimental studies of Avinit technologies 
The data for determining t,? will be taken as follows: 


1=10"! cm; np=107 particles/cm?-1074=10!* particles/cm?; 
N=108 st; 
Cn=10'>? particles/cm?; 


E, and H,/R are given in Table 3.13. 


The estimates of t? (Table 3.13) indicate that the values of t? can be 
much less than t?. However, here it should be borne in mind that for all 
metals C,~10!° particles/cm? was taken. This is true for those metals that 
adsorb hydrogen well, and Al, Ag and Cu do not belong to them. 

Estimates of the characteristic times of hydrogen saturation of the 
protected material through a coating of the metals under consideration at 
temperatures close to room temperature show that even thin ~10 um coat- 
ings can serve as reliable barriers for metals very sensitive to hydrogen, for 
which the maximum permissible concentration was taken in the calculations 
equal to 10° at. % 

No data have been found on direct experimental results on measuring 
the water impermeability of the materials under consideration at room or 
close to room temperatures. At higher temperatures (>200 °C), the expe- 
rimental data on water penetration [96] are in qualitative agreement with 
the results obtained on the degree of efficiency of using various materials 
as protective materials in hydrogen-containing media. Note that there is 
a wide scatter in the measured values of the water penetration of coatings 
and materials, which is associated with a strong influence on the measure- 
ment results of the coating method and its quality. 

Taking into account the estimates obtained for the protective ability of 
metals, from which it follows that for a number of metals in the range of room 
temperatures the saturation times are so long that practically any of them 
could provide the highest requirements for stability in hydrogen, it should 
be concluded that when choosing a material for protective the quality of 
the resulting coatings and the choice of the method of their application can 
become decisive. 

For example, it was shown in [97] that a plasmid-sprayed coating even 
150 um thick made of Ni, Cu, W, Mo, Ti has practically the same effect on the 
water penetration of stainless steel membranes. The reason for this is the high 
(15-30 %) porosity of the coatings, and it is this porosity, as shown by the anal- 
ysis of the temperature dependence of coatings made of different metals, that 
determined the magnitude of the hydrogen flux through the coating. Similar 
results were obtained for electroplated coatings made of Cu and Ni [97]. 

The highest quality coatings are obtained by plasma-chemical and 
ion-plasma methods [85]. Experimental studies of the water penetration 
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of various coatings [100] obtained by condensation from plasma flows of 
an electric arc vacuum discharge and crystallization from the gas phase 
showed that the best protective properties were possessed by gas-phase 
coatings of Mo and Cr, which were practically impermeable to hydrogen at 
a thickness of about 1 um. 

For electric arc molybdenum coatings of the same thickness, the ex- 
perimental and calculated values of water penetration differed by more than 
an order of magnitude [101], which is apparently due to their increased po- 
rosity as compared to gas-phase coatings. Arc coatings with Cu and Ti with 
a thickness of 1...10 um also have lower protective properties in hydrogen as 
compared to gas-phase coatings. 

Thus, the data show that the best results on the use of coatings for 
protection against interaction with hydrogen can be achieved with an 
integrated approach to the choice of the coating material and the method 
of its application. When analyzed from this standpoint, possible coating 
materials and methods of their deposition, gas-phase coatings of Mo and 
W appear to be one of the most promising. This is due to the fact that 
these metals are among the most effective diffusion barriers for hydrogen, 
the processes for obtaining such coatings have been studied in sufficient 
detail, and the technologies are quite simple, environmentally friendly and 
well developed. 

3. Experimental studies of the protective ability of gas-phase molyb- 
denum coatings in hydrogen. 

The analysis of experimental data on the influence of the characte- 
ristics of coatings on their protective ability showed that the method of ob- 
taining coatings has a great influence on the results of studies of the water 
resistance of various metals. First of all, this is due to the differences in such 
characteristics of coatings as their structure and porosity. 

Having chosen the gas-phase method of deposition of molybdenum 
for the deposition of protective coatings, studies were carried out of the 
influence of the conditions for the formation of coatings on their structural 
features, which can affect the protective ability of coatings in a hydrogen 
environment. The studies were carried out on stainless steel samples coated 
with molybdenum, obtained by thermal dissociation of molybdenum hexa- 
carbonyl in the temperature range of 400...700 °C. 

The performed studies have shown that, depending on the condi- 
tions of the process of deposition of molybdenum and the method of 
surface preparation, during the growth of the coating, macrostructures 
of the globule type, fan-shaped structures with looser grain boundaries, 
micropores at the contact points of growing grains and dome-shaped 
growths can form. Such «macro defects» are certainly undesirable for pro- 
tective coatings. 

Taking these studies into account, the modes were selected and pro- 
totypes were obtained from a material that actively interacts with hydro- 
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gen (Ti), with molybdenum coatings deposited on them. Before the coating 
was applied, the surface of the samples was subjected to ion-plasma clean- 
ing followed by the application of a Mo sublayer with a thickness of 1...2 um. 
Protective molybdenum coatings were applied at a temperature of 450 °C. 
The thickness of the coatings was 10...15 um. 

The samples were tested in a hydrogen atmosphere at a pressure of 
600 mm Hg. The temperature of the samples during the tests was regula- 
ted by a thermostat and maintained within 6042 °C. The temperature was 
measured using a X-A thermocouple. The test results were evaluated by the 
change in the weight of the samples, determined with an accuracy of 10° g, 
as well as by visual inspection at a magnification of 20x. The change in the 
weight of the samples during the tests is given in Table 3.14. 





O Table 3.14 Change in weight of samples during testing 


No. time, h 
sample 0 DiS 455 954 1314 3090 
1 35.5769 35.5768 35.5767 35.5767 35.5767 35.5767 
2 35.6317 35.6316 35.6314 35.6314 35.6314 35.6313 
3 35.6151 35.6150 35.6147  35.61475 35.6147  35.61475 


Tests carried out for 3000 hours showed that there were practically 
no changes in the weight and appearance of the samples during the entire 
campaign. The obtained experimental results confirm the conclusions made 
on the basis of theoretical studies about the high protective properties of 
such a material as molybdenum in hydrogen-containing media. The gas- 
phase method for the formation of such coatings ensures the required qua- 
lity and can be recommended for practical use in the protection of materials 
sensitive to the action of hydrogen. 

Thus: 

1. The mechanisms of hydrogen penetration through metallic materi- 
als are considered and the influence of the characteristics of less waterproof 
metals: Au, Zn, Cd, W, Mo, Al, Ag, Cu on their protective ability in hydro- 
gen-containing media is analyzed. The effect of moisture and radiation on 
the protective properties of metals is estimated. 

The studies carried out and the estimates made allow to physically 
reasonably approach the choice of coatings designed to protect units and 
structures that are sensitive to the effects of hydrogen. 

2. The analysis of experimental data on water-impermeability of coat- 
ings made of various metals has been carried out, showing that the method 
of their application has a significant and sometimes decisive effect on the 
protective properties of coatings. In this respect, plasma-chemical methods 


FF 


Avinit vacuum-plasma technologies in transport machine building 


should be considered as the most promising for the formation of high-quality 
protective coatings. 

3. Experimental studies on the production of molybdenum coatings 
by thermal dissociation of molybdenum carbonyl on materials sensitive 
to hydrogen have been carried out, and their protective ability has been 
tested in hydrogen-containing media. It is shown that gas-phase molybde- 
num coatings are highly stable in hydrogen and can be recommended for 
the protection of materials sensitive to hydrogen. 


78 


Criteria for the stability of the 
microstructure of multicomponent 
materials 


The progress of many scientific and technical areas is associated 
primarily with the development and design of new functional materials 
with a set of specified properties, and effective technological processes for 
their preparation. 

Let's take a closer look at the process of designing new materials. 
As noted earlier, we are talking about the creation of materials only for 
individual particularly critical structural units, the rate of failure of which 
determines the service life of the entire product. 

Schematically, the design algorithm is as follows. 

Based on a preliminary assessment of the factors influencing the ma- 
terial, economic indicators, requirements for dimensions and weight, the 
appropriate material is selected and a preliminary design of the correspond- 
ing unit is developed. Obviously, for the material indicated in the reference 
book, methods of production have been developed in detail and its properties 
during operation are known. Therefore, the construction technology of the 
unit is carried out according to an abbreviated scheme. A different situation 
arises in the absence of a material with the desired properties. In this case, the 
process of designing a node is significantly lengthened. Since the dimensions 
of the product are, as a rule, limited, a microscopic analogue of the compo- 
sition is built that meets the specified requirements, and its properties are 
calculated. Then, possible ways of creating the material are analyzed and its 
models are tested in conditions that are close or simulate operational ones. 
If the methods for obtaining the composition are traditional and it is possible 
to calculate its properties during operation, then, in the future, the work pro- 
ceeds in the traditional way. However, unfortunately, in the overwhelming 
majority of cases, new materials require new methods of their preparation. 
Exposure to high temperatures and various radiation fields can significantly 
change the properties of materials compared to the original ones. The predic- 
tion of the behavior of materials can be provided by modeling the evolution of 
the microstructure under the influence of operational factors. 

It is obvious that the creation of new materials is the result of many 
years of efforts by large teams of specialists in various fields. Considering 
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the large material and time costs of this work, it is necessary to find ways 
to reduce these costs. One of the most promising is the theoretical con- 
struction of model structures, reflecting the properties and structure of the 
proposed composite material, the calculation of the characteristics of sucha 
structure and the issuance of recommendations for optimizing the processes 
of creating a material at each stage. Of course, the lack of reliable data on 
the microscopic properties of materials and compounds, the insufficient 
development of ideas about the evolution of the microstructure do not al- 
low predicting quantitative characteristics with sufficient reliability; in most 
cases, we are talking only about qualitative trends. But even such qualitative 
conclusions significantly narrow the range of options under consideration 
and allow obtaining positive results within an acceptable time frame. 

As evidenced by numerous literature data on the effect of production 
and operation conditions on the stability of the structure and properties of 
multicomponent materials. Destabilization of multicomponent materials is 
a serious problem. 

Crystal lattice defects play a decisive role in the formation of the struc- 
ture and composition of functional materials. Consequently, the structurally 
sensitive physical and mechanical properties significantly depend on the 
conditions for obtaining and using the material. By directionally changing 
the parameters of the processes, primarily high-temperature heat treatment, 
it is possible to change the characteristics of the materials obtained. 

One of the main physical processes that determine the stability of multi- 
component materials is the diffuse decomposition of supersaturated solid 
solutions, which leads to the formation of heterogeneous structures in a solid 
with a certain distribution of macrodefects or to an undesirable violation of 
optimized structures. Understanding the distribution, interaction and kine- 
tics of defects, mechanisms of formation and stability of the structure is im- 
portant for understanding the behavior of materials under various external 
influences and allows to propose ways to design new materials. 

A consistent theory of diffusional decomposition of supersaturated 
solid solutions at a later stage, when the supersaturation of the material with 
point defects causing diffuse mass transfer becomes small, and the growth of 
large macrodefects occurs due to dissolution («eating») of small ones — the 
coalescene stage itself — built by Lifshits and Slezov [102, 103]. 

It turns out that the characteristics of diffuse decomposition at the 
stage of coalescence caused by the diffusion interaction of macrodefects 
are universal in nature, independent of the initial distribution function. 
The distribution function of precipitates by relative size asymptotically in 
time takes on a universal form, and the evolution of the characteristics of 
a dispersed system (the number and size of precipitates, saturation) is deter- 
mined by universal power laws. 

The theory was generalized to the case of diffuse decomposition 
of multicomponent solid solutions in [104— 107]. The main regularities of 
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diffusion decay — the universality of the distribution function and decay 
characteristics — are also preserved for multicomponent systems. 

Diffuse decomposition of multicomponent systems with precipitates 
of complex chemical composition, covering most of practically important 
structural materials, is characterized, as follows from the theory, by a num- 
ber of features that decisively determine the thermal dimensional and phase 
stability of the microstructure of materials. 

These features due to chemistry occur, and consist, first of all, in 
the fact that the equilibrium concentrations of the components, and with 
them the main characteristics of decomposition, are significantly de- 
termined by the thermodynamics of chemical reactions occurring at the 
interphase boundaries and the laws of conservation of the substance of 
the components. 

The existing theory of diffuse decomposition of supersaturated solid 
solutions makes it possible to formulate general criteria for the thermal 
and phase stability of multicomponent multiphase systems, which can be 
useful for predicting the stability of thermal materials. 

In a multicomponent system, additional external characteristics ap- 
pear, which make it possible to more fully optimize the technology for 
creating materials with an overestimated resistance to particle growth and 
to predict their characteristics at high temperatures. 

Based on the general theory of diffusion decomposition of multicom- 
ponent systems, analysis [104-107] of numerous experimental data on the 
kinetics of precipitation growth in various systems — steels, heat-resistant 
alloys based on nickel, aluminum, strengthened by precipitates of the 
V’-phase, dispersion-strengthened, etc. etc. has convincingly shown that 
the theory of diffuse decay has reliable experimental confirmation and is in 
very good agreement with experiment both qualitatively and quantitatively. 

This allows, based on the general theory of diffusional decay of multi- 
component systems [104—107], to formulate the fundamental founda- 
tions of predicting the evolution of complex multicomponent systems in 
the process of diffusional decay depending on various external conditions. 
These criteria can be useful in developing recommendations for creat- 
ing materials with increased dimensional and phase thermal stability of 
the microstructure. 

When choosing alloying and reinforcing elements to increase the sta- 
bility of materials, the approach, naturally, should be comprehensive and 
include various requirements for the physical (necessary linear expansion 
coefficients, strength, plasticity, impact strength, etc.), technological (the 
possibility of creating parts of the required shape, mechanical process- 
ing, welding, soldering, etc.) and chemical compatibility (interaction at 
interphase boundaries, surface tension, etc.). Here we will only touch upon 
issues related to the increase in the thermal dimensional and phase stability 
of materials. 
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Let's first consider the criteria for the stability of the size of precipitates 
during the diffuse decay of multicomponent systems: 

1. High enthalpy of dispersed phases. One of the most important 
thermodynamic requirements for the dispersed phase from the point of view 
of increasing the thermal stability of the material is the high heat of forma- 
tion of the phase. The higher the heat of formation of the dispersed phase, 
the slower the growth of the size of the precipitates. 

The highest thermodynamic stability is possessed by refractory oxi- 
des — SiO2, ZrOz, AlzO3, MgO, BeO, ThOz, etc. Therefore, it is not surpris- 
ing that when creating composite materials by strengthening metals with 
particles of various compounds — intermetallic compounds, oxides, car- 
bides, etc., the introduction of oxides is most effective, allowing to increase 
the working temperature of metals up to 0.9T,, [108]. 

Well-known examples are the strengthening of copper with alumi- 
num oxide, tungsten — with thorium dioxide, nickel — with thorium 
dioxide (TD-nickel), aluminum — with aluminum oxide (SAP), etc. Such 
composite materials at high temperatures have significantly higher heat re- 
sistance than the best casting alloys based on these metals, and retain high 
structural stability up to 0.8—0.9 Tp. 

A comparative study of the thermal stability of AlygO3, ZrO2, SiO2, HfO2 
particles dispersed in a nickel matrix shows that the tendency to growth of 
particles at all temperatures studied (1000 — 1350 °C) decreases in the series 
y’-AlgO3>SiO2>a-Al,03>ZrO.>HfO>. 

As expected, the more refractory and higher enthalpy hafnium dioxide 
is the most stable in this series at all temperatures [109]. The extremely low 
growth rate of thorium dioxide particles in TD-nickel is due to the very high 
stability of ThO2 [110]. 

2. Low diffusion coefficients. One of the ways to increase the thermal 
stability of the material is to properly alloy the matrix material. Of the pos- 
sible alloying elements (of course, these elements must form at least limited 
solid solutions with the matrix), those that reduce the rate of diffusion and 
self-diffusion to the greatest extent will be more effective. 

The further way in this direction is the use of alloying with several 
components. Alloying nickel alloys with the y’-phase with such elements as 
Ti, Nb, Ta, increasing the thermal stability of the y’-phase and reducing the 
diffusion coefficients, leads to an increase in the structural stability of the 
alloys and a decrease in the creep rate. 

The use of complex multicomponent alloys as a matrix, alloyed with 
correctly selected components, makes it possible to slow down diffusion pro- 
cesses and, consequently, to increase the thermal stability of the material. 
It is no coincidence that many modern high-temperature alloys contain 
a large amount (sometimes up to 10 or more) alloying elements. 
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Complex alloying, along with the positive effect of reducing the dif- 
fusion coefficient, can lead to undesirable changes in strength, a decrease 
in the melting temperature, phase stability, and an increase in interfacial 
energy. Therefore, the choice of alloying additions to the matrix must be 
consistent with the possible harmful effect of these elements on the dimen- 
sional and phase stability of precipitates. Improper doping can reduce the 
stability of the [111] structure. 

3. Low solubility. The low solubility of precipitates in the matrix is of 
great importance for increasing thermal stability during diffuse decomposi- 
tion. Systems with complete insolubility should have the highest stability. 
This was experimentally proved for tungsten-reinforced copper [112]. Such 
a composite retains a high structural stability up to 0.8-0.9T}. 

The solubility of oxides decreases in the series SiO2-Al,O3-ZrO2- 
ThO, [113, 114] and it is in this sequence that the stability of the particles 
of these oxides in the metal matrix increases. 

4. Initial concentrations of components. As follows from the theory, 
the lower the excess initial concentrations of the components, the closer 
they are to the equilibrium concentrations, the lower the growth rate of the 
precipitates and the higher their stability. Physically, this is due to the fact 
that diffusion fluxes on the precipitates will be minimal. For example, when 
studying the growth of alumina particles in the Cu-Al alloy, it was noted 
that alloys with a lower amount of residual oxygen showed a lower tenden- 
cy to particle growth. Naturally, the initial concentrations should be higher 
than the equilibrium ones at a given temperature, since otherwise the par- 
ticles will dissolve. 

Alloying far beyond the limits of solubility is also dangerous due to the 
possibility of fluctuation formation of large precipitates, which can sharply 
worsen the plasticity and toughness of alloys, as well as their machinability. 
Thus, the correct choice of the initial concentrations of the components, 
which are the most effective technological tool, the choice of optimal 
heat treatment conditions and their matching with the operating condi- 
tions are important requirements for increasing the thermal stability of 
the material. 

5. Decrease in interfacial energy. An increase in the dimensional sta- 
bility of precipitates, as follows from the theory, can be achieved by decreas- 
ing the specific surface energy of the precipitate-matrix interface. The lower 
the value of the specific interfacial energy, the slower the redistribution of 
substances between particles in the process of coalescence and the more 
stable the structure of the material at high temperatures. A striking example 
is non-monic — alloys of the Ni-NisX type, strengthened by the y’-phase. 
Exceptionally low values of interfacial energy Ni-y’ (6=0.2 J/m?) provide 
extremely high stability of the fine structure of nickel alloys. Such alloys, 
strengthened by precipitates of the y’-phase, are the most heat-resistant 
among nickel alloys and have found wide application in technology [112]. 
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By changing the value of the specific surface energy of the interface, it 
is possible to influence in a directed manner the growth rate of the average 
size of the precipitates. For example, the interfacial energy in the Ni-Al,O3 
system is 1830 erg/cm?, and in the Ni-ZrO2 system — 970 erg/cm?. Conse- 
quently, one can expect that the Ni-ZrO, electrode materials will be more 
stable, which is in qualitative agreement with experiment [109]. 

As is known, the specific surface energy of the metal-oxide interface 
can differ significantly depending on the nature of the metal. To reduce the 
interfacial energy, interfacial elements can be used in the form of alloying 
parts of the matrix or in the form of coatings of dispersed particles intro- 
duced into composite materials as fillers. It was shown experimentally [9, 7] 
that the thermodynamic stability of AlgO3 in the matrix increases signifi- 
cantly upon the introduction of 1 % titanium into the matrix. 

A possible explanation for the sharp slowdown in the growth rate of 
Al,O3 particles consists precisely in a decrease in the interfacial energy of 
the Al,O3-matrix (Ni-1 % Ti) to values of 930 erg/cm? due to the segrega- 
tion of titanium on alumina particles. In this case, it is, of course, necessary 
to take into account the effect of the interfacial element not only on the 
surface energy, but also on the chemical interaction with the components of 
the material, diffusion, etc., as well as on the physical characteristics of the 
composite — mechanical, electrical, etc. properties. 

The use of coatings is promising in terms of creating materials with 
increased structural stability at high temperatures. In composite materials 
containing at least two different phases, the issues of ensuring the physi- 
cal (coefficient of thermal expansion, elastic properties, etc.) and che- 
mical (reactions at the phase boundaries and with the external environment) 
compatibility of components become especially acute. An effective way 
to overcome these difficulties is to use appropriately selected barrier coat- 
ings for the reinforcing phase (parts, fibers, etc.). 

Thus, in the development of nickel alloys reinforced with sapphire 
fibers, it was shown [114] that the interaction at high temperatures bet- 
ween Al,O3 and the matrix reduces the strength of the fibers due to the ap- 
pearance of defects on their surface, which does not allow the full potential 
of strengthening such a composite. Sufficient stability at temperatures up to 
1200 °C is found by a coating of W and W — 26 % Re. 

However, the high interdiffusion of Ni and W reduces the efficiency 
of these coatings during long-term high-temperature operation. The best 
protective barrier coating in a sapphire Ni-fiber system, according to [114], 
is a Y2O3 layer of 1-2 um. Good results were obtained when using sili- 
con carbide coatings on boron fibers when reinforcing tungsten, steels, etc. 

The role of protective coatings in composites is usually multifunctio- 
nal, that is, in addition to the main task of preventing interaction with the 
matrix, other requirements are often put forward for the coating — ensuring 
reliable adhesion at the interface, reducing the interfacial energy to increase 
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the thermal stability of the composite. Since it is rarely possible to satisfy all 
these requirements at the same time with one coating material, in the deve- 
lopment of optimal technologies, complex multi-layer coatings with a differ- 
ent functional purpose of each layer are becoming more widespread. Thus, 
for the already mentioned composite of Ni-sapphire fiber, preferred results 
were obtained [114] using a double coating consisting of 1-2 um Y203 on 
sapphire and the next 5—10 um layer of tungsten to improve wetting during 
the preparation of the composition by vacuum impregnation. 

6. Complication of the composition of the secretions. The stability 
of the secretions can be increased as a result of the dissolution of some 
alloying elements in them, which leads to a complication of the composi- 
tion. Thus, the dissolution of titanium in nickel alloys strengthened by the 
y’-phase leads to the formation of a more stable Ni3(Al, Ti), phase, and at 
high concentrations in the cobalt alloy, an even more complex compound 
with increased stability (NiCo)3(AITi). It is clear that the effective coefficient 
of mass transfer of such complex compounds is significantly lower than 
for NisAl, which determines their higher stability. Nitrogen additives to 
steels containing. 

7. Absence of polymorphic transformations. It is desirable that the 
precipitate and the matrix do not undergo polymorphic transformations 
under operating conditions, since, in addition to adversely affecting the 
physical characteristics (strength, plasticity, etc.), the stresses developing 
during the transformation stimulate diffusion and, therefore, can reduce 
the thermal stability of the structure. Thus, the decrease in the stability 
of the Cu-Al alloy strengthened by Al,O3 particles during annealing at 
high temperatures is associated [116] with the polymorphic transformation 
y-Al,.O3a-Al,O3 occurring at these temperatures. 

Acceleration of the diffuse growth of particles, caused by the oc- 
currence of polymorphic transformations in them, was also observed 
upon annealing of nickel strengthened by particles of zirconium dioxide. 
These effects are most significant for metals with polymorphic transfor- 
mations (Ti, Zr, U), especially if they are intended for operation under ther- 
mal cycling conditions [117]. 

8. Monodispersity. Estimates show [105] that the closer the precipita- 
tion system is to monodisperse, the longer it remains stable and the later the 
distribution function takes on a universal form. This conclusion is in quali- 
tative agreement with the experimental results that the stability of particles 
of different oxides in nickel is the higher, the thinner and more uniformly 
they are distributed in the matrix. 

9. Substructure management. The theory suggests [104-107] that the 
correct regulation of the substructure of the material can become a rather 
effective means of increasing the thermal stability of precipitates. In prac- 
tice, various processing methods are widely used to control the structure 
and substructure of a material and impart the necessary properties to it. 
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Reducing the size of the grains and blocks improves long-term strength, 
creep resistance, etc. One of the promising ways in this direction is the cre- 
ation of structures with fine precipitates. However, at high temperatures, the 
question of the stability of such a finely dispersed structure arises. 

10. Kinetic stabilization. Interesting possibilities of maintaining di- 
mensional stability in multicomponent systems are associated with the 
kinetic features of the decay process. By gradually changing the temperature 
periodically, one can achieve dissolution of some phases and stabilization of 
the size of precipitates of other phases. The same kinetic stabilization effect is 
possible through other external parameters. The principle of multistage ther- 
mal cycling is widely used in the technology of forming modern materials. 


4.2 Phase stability 


Considering the phase stability of multicomponent systems under 
the action of external parameters, the theory allows one to obtain equations 
that determine the boundaries of the regions of coexistence of different 
phases. By changing the external conditions (heat treatment temperature, 
pressure), it is possible to change the position of the boundaries of the 
regions of coexistence of phases, which changes the conditions of phase 
stability. A change in the initial concentrations of the components can lead 
to the same result. 

Estimates [118] show that, for example, for a three-component phase, 
it is sufficient to change the concentration of one of the components (or 
several) by an amount of the order of 10°? in order to transfer the phase from 
one element of the phase volume to another, nonequilibrium for the given 
phase. For a 9-component phase, fluctuations of the order of 10~ are suffi- 
cient, and for N>15, even a small value of 109-10", ie. in practice such 
phases should be unstable. 

In this case, the probability Py of simultaneous contact of all com- 
ponents or phases in the solid state in a multicomponent system with an 
increase in the number of components in comparison with the binary (P2) 
sharply decreases (Py/P):=2/N!). Hence, in particular, it follows that it is 
practically impossible to achieve complete homogenization of the composi- 
tion of a multicomponent multiphase system. Difficulties in homogenizing 
the composition of multicomponent systems are well known to material 
scientists and technologists. 

When precipitates of phases of nonstoichiometric composition precip- 
itates from saturated solid solutions [119], it has been shown in theory that 
asymptotically stable precipitates of phases are not arbitrary, but only of 
a certain composition. This composition corresponds to the composition 
within the region of homogeneity or composition at its boundaries, depend- 
ing on the ratio of the initial concentrations of the components. 
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If the kinetic difficulties in the formation of a phase are large (for 
example, for any of the components D; is small), and this phase is not re- 
alized in real time, then the formation of metastable states is possible, and 
some phases, asymptotically unstable, can be frozen by artificially creating 
kinetic difficulties. 

As already noted, in the framework of the general theory of diffusion 
decay, systems of nonlinear differential equations are obtained to deter- 
mine the asymptotically surviving phases and boundaries of the regions of 
coexistence of phases. Taking into account the complexity of the nonlinear 
equations of the theory and the impossibility of obtaining analytical solu- 
tions for specific cases, we used methods of numerical simulation of diffuse 
decay processes. For modeling, the particle method was used, which makes 
it possible to visualize the process of diffusion decay and the method of di- 
rect solution of systems of nonlinear equations by numerical methods [120]. 

Programs are being developed for modeling multicomponent systems 
that allow determining the boundaries of the regions of coexistence of 
phases, determining the evolution of the composition and number of co- 
existing phases, non-stoichiometric coefficients, etc. It becomes possible 
to construct kinetic phase diagrams of decomposition of material models 
using simulation, which allows predicting the thermal stability of real 
multicomponent SOFC materials. This path is quite fruitful for developing 
recommendations for the creation of SOFC materials with increased thermal 
stability of the structure. 
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Development of industrial research 
technologies for Avinit coating 


3.1 Avinit functional coatings with improved 
tribological properties for use in internal combustion 
engine friction pairs 


For anumber of years, together with machine-building plants, work has 
been carried out to increase the service life of internal combustion engines 
by using composite reinforcing coatings. 

Technological processes have been developed for obtaining multicom- 
ponent multilayer metallic and non-metallic coatings by vacuum-plasma 
and plasma-chemical vapor deposition using nonequilibrium low-tem- 
perature plasma to select new generation coating materials for rubbing 
pairs with significantly improved wear resistance and tribological cha- 
racteristics. The studies have shown that layered compositions of coatings 
contain enormous potential in the creation of materials with a wide range of 
properties due to the possibility of combining various materials in various 
combinations and varying the thickness of layers, and this is undoubt- 
edly one of the most promising ways of creating materials with a given 
set of properties. 

The developed nanocomposite coatings show a unique set of pro- 
perties «high stiffness — low friction coefficient — elasticity». In this case, 
the thermal stability of the coatings is 600—700 °C. This combination of 
characteristics makes these coatings promising candidates for tribological 
applications in automotive and gas turbine engines. 

Unique structure and properties of ion-condensed materials (nanocrys- 
talline, amorphous, microlayer structures, high purity, ultra-high rigidity, 
extremely high adhesion strength with a variety of substrates, special phys- 
icochemical and other properties), the ability to form products of complex 
configuration and technologies for their production 

Composite materials possess these properties due to the use of coat- 
ings from various refractory metals and their compounds in combination 
with various structural materials, primarily structural steels. 

Technologies for applying multi-layer reinforcing coatings Avinit have 
been developed in order to improve the functional characteristics of parts of 
transport engineering, which are successfully used in the serial production 
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of similar parts in other industries (power and general engineering, engine 
and aggregate construction). 

New multifunctional nanocomposite coatings Avinit have been de- 
veloped for components of internal combustion engines (ICE) and aggre- 
gates, in particular, parts of fuel equipment, elements of a cylinder-piston 
group (CPG), and parts of a crankshaft. 


5.1.1 Avinit wear-resistant coatings for parts of fuel equipment 


5.1.1.1 Determination of tribological characteristics of materials 
for parts of fuel equipment of diesel engines 


The fuel equipment of diesel engines must ensure the dosage of 
a strictly defined amount of fuel for each cycle in accordance with the en- 
gine loading, fuel supply at a certain moment, optimal fuel injection charac- 
teristics in time, and the best fuel distribution in the combustion chamber. 
Fuel pumps must supply all cylinders with the same amount of fuel when 
operating in any mode, provide the rated power of the diesel engine with 
the total fuel supply by all pumps, completely stop the fuel supply to the 
injectors when the diesel engine stops, start supplying fuel to the injectors 
at a certain moment with one and the same. the same feed advance angle. 
The main criterion for the quality of precision vapors of fuel equipment is 
the hydraulic density, which is characterized by the time of fuel impregna- 
tion under a certain pressure into the vapor gap or the time of the liquid 
pressure drop [121, 122]. 

During operation, precision parts experience high dynamic loads, high 
pressures and high speed of fuel movement. Fuel is chemically active and 
contains hard abrasive particles and possibly moisture. With the wear of 
precision parts, the geometry of their combinations changes significantly, 
clearances increase, which leads to a violation of the engine operating 
modes [122]. Some parts are subject to local wear, possibly the development 
of tear areas, jamming (freezing) of friction units. Abrasively worn surfaces 
have significant irregularities and depressions in the form of grooves that 
form microchannels, due to which the size of the combined gap increases. 
All of the above factors, which are a consequence of the wear of parts, re- 
duce the hydraulic density of precision pairs, and lead to a loss of tightness. 

Thin-layer coatings obtained by the ion-plasma method are very prom- 
ising for increasing the wear resistance of parts of fuel equipment [123-125]. 

In works [126, 127], comprehensive studies were carried out on the 
application of composite coatings on friction pairs, in particular, plungers 
of fuel pumps, shut-off and control valves, and tribotechnical tests of ma- 
terials and coatings for parts of friction units of fuel equipment «plunger 
pair» sprayer body were carried out « diesel engines with friction of multi- 
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component coatings based on Ti-Al-N, as well as bearing steel 1.3505 and 
tool high-speed steels HS18-0-1 and 1.3343 3 with a lower tungsten content, 
used for the manufacture of parts for fuel diesel engines. The purpose of 
these studies is to select the optimal combinations of seize resistance and 
coefficient of friction of thin solid vacuum-plasma coatings to increase the 
wear resistance of precision parts of diesel engine fuel equipment. 

To obtain hardening coatings, a widespread method was chosen among 
the group of methods for forming materials from ionized and molecular 
flows, namely, the method of vacuum arc spraying. This method has ample 
opportunities in the formation of multicomponent materials, both by using 
alloyed cathodes of the appropriate composition or simultaneous deposition 
from different single-component cathodes, and by the plasma-chemical for- 
mation of compounds during the condensation of metals in an atmosphere 
of various reactive gases. 

In a number of materials science problems to be solved, the most im- 
portant problem is the choice of coating materials for rubbing pairs. The 
main efforts are focused on the formation of nano- and microlayer multicom- 
ponent reinforcing coatings as the most promising for achieving the neces- 
sary tribological characteristics, which opens up extremely wide opportu- 
nities for creating new materials. To implement the processes of controlled 
formation of multicomponent nano- and microstructural coatings, which 
ultimately makes it possible to closely approach the issue of micro-design of 
coatings with specified characteristics, we have developed Avinit vacuum- 
plasma technologies. are based on the integrated use of vacuum-plas- 

a (PVD) and plasma-chemical (CVD) processes in the Avinit cluster. 

The following variants of friction pairs were selected for testing: 

1. Steel 1.3505 — steel 1.3505. 

2. Steel 19CrNi8 (non-cemented) — steel 1.3505. 

3. TiN coating — steel 1.3505. 

4, TiAIN coating — steel 1.3505. 

5. MON coating — TiC coating. 

6. TiAIN coating — TiC coating. 

7. TiN coating — MON coating. 

Samples of steel 1.3505 were subjected to volumetric quenching with 
low tempering, hardness 59...60 HRCE. Samples of steel 19CrNi8 passed 
carburizing to a depth of 0.7...1.0 mm (after machining — 0.4...0.9 mm), 
normalization and low-temperature tempering, the hardness of the working 
surfaces was 63...65 HRCE. 

The investigated coatings were applied to the Avinit vacuum-plasma 
cluster, which allows programming to obtain multilayer nanocomposite 
coatings with an improved set of characteristics. The calculated thickness 
of the investigated coatings was 3...5 um. Samples of steel X155CrVMo12-1, 
heat-treated to a hardness of 60-61 HRCE, were used as substrates for 
the coatings. 
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The roughness of samples without coatings corresponded to Ra 0.32- 
0.16 um, samples with coatings Ra 0.16 um. 

The tests were carried out on a 2070 SMT-1 friction machine according 
to the «disc-shoe» scheme at a sliding speed of 1.3 m/s. Lubrication was 
carried out with diesel fuel by the immersion method, as well as once before 
the start of the tests (when determining the seize resistance of the mates). 
Movable samples «disks» were made of steel 1.3505 with a diameter of 
50 mm and a height of 12 mm, «shoes» were made of steels 1.3505, HS18-0-1 
and steel SKD11 with Ti-Al-N coating in the form of a cube with dimensions 
of 10x10x10 mm. The value of the friction coefficients (Fy) was determined 
at a step load in the range of total loads of 0.2-0.6 KN, the seize formation 
and the amount of wear of a stationary sample — «shoe» along the width of 
the produced hole after testing at a load of 0.2 KN for 1 hour. 

The results of tests to determine the coefficients of friction of the 
investigated compounds (with a single lubrication) are given in Table 5.1 
and Fig. 5.2. The analysis of the results obtained indicates that the combina- 
tion of case-hardened steel 20X2H4MA with steel 1.3505 can provide a high- 
er seize resistance and preferable characteristics of friction of joints of parts 
of fuel equipment. Tests of ion-plasma coatings have shown that they can 
provide even lower values of the friction coefficients, and the combination 
of TiAIN coating with steel1.3505 also provides an increase in the seize load. 








O Fig. 5.1 Test according to the scheme «disk (1.3505) — «shoe» 





O Table 5.1 The value of the coefficients of friction (Fj) and the seize resistance 
of the mating materials of the parts of the fuel equipment of diesel engines (with 
a single lubrication) 


Counter-materials Coefficient of friction F,, at loading of P, kN 
«disc» «shoe» 0.2 0.4 0.6 
1.3505 13505 0.130 0.125 OM25) 
S505 HS18-0-1 0.120 0.118 OHS 

20X2H14A 1.3505 0.140 0.130 0.216 
TiN 1.3505 0.120 * = 

TiAIN 1.3505 0.120 0.120 0.153 

1.3505 Ti-Al-N 0.110 0.115 0.110 
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O Fig. 5.2 The value of the coefficients of friction (F;,) for different pairs of friction 


The data obtained indicate that the use of the investigated coatings 
makes it possible to reduce the friction loss in the rubbing joints of the fuel 
equipment and, consequently, the heat release in contact, which should 
have a positive effect on the dimensional stability and operation of the parts. 

Tests to determine the seize resistance of joints showed that during 
friction of shoes made of 1.3505, a sharp increase in the friction moment and 
the onset of seize occurs at a total load of 0.6 KN, with friction of shoes made 
of steel HS18-0-1 — at a load of 0.4 kN. With friction of the coating with 
a load of 0.8 KN, burrs do not occur (further increase in loads is limited by 
the danger of fuel ignition). 

The amount of wear of the coating, determined by the width of the pro- 
duced hole on the working edge of the shoe after testing for 1 hour. when 
loading 0.2 KN, it is 0.35 mm. For comparison — wear of HS18-0-1 steel — 
0.99 mm; steel 1.3505 — 1.53 mm. The microhardness H50 of the coating, 
measured along the friction track, is 1495 kg/mm?, and for steel HS18-0-1 
and steel 1.3505, respectively, 1225 kg/mm? and 991 kg/mm. The results of 
these studies are presented in graphical form in Fig. 5.3. 

To determine the efficiency of using various coating compounds ap- 
plied to both parts of the interface, tests were carried out in the lubrication 
mode by the method of immersing a movable counterbody. This made it 
possible to expand the range of investigated loads due to better removal 
from the contact zone. The results of these tests are presented in Table 5.2. 

An analysis of the obtained values of the friction coefficients indicates 
that the combination of MON and TiAIN coatings with a TiC coating has rel- 
atively preferable antifriction properties in comparison with the used joint of 
steel 1.3505 with steel 1.3505. At the same time, an unfavorable combination 
of coatings is also possible. This is evidenced by the test results of a TiN 
coating with a MON coating. In this case, tear formation occurs already at 
the first stage of loading. 
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O Fig. 5.3 Values of wear of shoes paired with steel 1.3505 and value of 
microhardness of friction tracks 














O Table 5.2 Test results for various combinations of coatings for fuel equipment 
parts (immersion lubrication) 
Counter-materials Coefficient of friction F;,,, at loading of P, KN 
disc shoe 0.2 0.4 0.6 0.8 1) iL 1.4 
MoN TIC OL067.5) O06 2) O03) MOO 50 00528) 0 0oam) Ol070 
TiAIN ie 0.070 0.068 0.080 0.090 0.098 0.102 0.108 
(ES S0SI Pele salon MONSOON 25m ORE: * - - - 
TiN MoN ~ = = = = = = 


The relatively low seize resistance of the combination of TiN coatings 
with a MON coating can be explained by the tendency of the coating compo- 
nents to adhesive interaction in the presence of uncompensated interatomic 
bonds; this is facilitated by favorable structural and dimensional factors. 
At the same time, the relatively high seize resistance and antifriction proper- 
ties of the combination of MoN-TiC coatings may be explained by the forma- 
tion of protective suboxide or oxide structures during friction by the reaction: 


2TiC + 302-2TiO2 + 2CO. 


The TiN compound does not interact with oxygen, in contrast to the 
TiC compound; therefore, when a TiN coating is combined with a MoN 
coating, the effect of the formation of secondary protective structures 
during friction may not appear. 

The obtained research results, as well as the known data [2-7] on a mul- 
tiple increase in the wear resistance of parts and tools when using vacuum 
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ion-plasma coatings, make it possible to recommend a combination of MoN- 
TiC and MoN-TiC coatings on parts of precision friction pairs of fuel equip- 
ment of diesel engines under bench conditions and tests on prototype engines. 

As the results of the tests carried out show, the combination of 
case-hardened steel 20X2H14A, as well as the TiAIN coating with steel 
1.3505, can provide a higher seize resistance and preferable antifriction 
characteristics of the joints of the parts of the fuel equipment. 

The combination of MoN and TiAIN coatings with TiC coating has 
relatively preferred antifriction properties in comparison with the used joint 
of steel 1.3505 with steel 1.3505. According to the data obtained, the lower 
values of the friction coefficients are provided by the connection of the 
coatings MoN and TiC. 

The data obtained show the possibility of increasing the performance 
and durability of parts of the fuel equipment of diesel engines due to a sig- 
nificant improvement in the tribotechnical characteristics of combinations 
of parts of fuel equipment when using vacuum composite coatings. This 
makes it possible to reduce the accepted values of the gaps in the rubbing 
joints and, accordingly, to improve the quality of the fuel equipment by 
reducing fuel leaks and increasing the injection pressure. 

The studies performed have shown that multicomponent multilayer 
rigid and superhard coatings of the new generation have significantly higher 
wear resistance and tribological characteristics and are very effective for 
increasing the efficiency and durability of parts of the fuel equipment of 
diesel engines. 


5.1.1.2 Coating plunger dummies and plunger full-scale batches 


During the development of pilot technological processes, the work was 
carried out on mock plungers in the form of samples of steel X162CrMoV12 
with a spherical surface, heat treated to a hardness of 62...64 HRC and po- 
lished to V 11, — analogs of full-scale plungers. 

Corresponding technological modes of heating the models of plungers 
to a predetermined temperature, their ionic cleaning and subsequent ionic 
treatment and coating have been worked out. 

Optimization of the technological parameters of deposition of strongly 
adhered nanocomposite coatings on spherical and cylindrical surfaces of 
plunger dummies was carried out and the modes of deposition of coatings 
of various compositions — (Ti-N; Mo-N) and multilayer compositions based 
on them [(Ti-N)-Ti; (Mo-N)-Mo)] (Table 5.3). 

All experiments were carried out with a straight-line separator, tem- 
perature — 150-200 °C. 

According to the worked-out modes, coatings were applied to the 
plunger dummies. 
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O Table 5.3 Technological parameters for applying coatings to pilot plunger 
models and characteristics of the original samples 


Process parameters Initial parameters 
No. Cathode C iti i itro- = 
fo} athode omposition Time, Pressure. Nitro HRC Class Rough 
hours. gen, mm ness 
Dil Ti Solid TiN 4.0 (1.5+2)-107 60-62 13 0.018 
; Nanolayers 5-10; work 48 s, 
2.2 Ti TiN-Ti DS) Peds s 60-62 12c 0.020 
28} Ti Solid TiN 4.0 (S=2) 10m 60-62 13 0.015 
Dsl Ti Solid TiN 4.0 (1.5+2)-107 60-62 12c 0.020 
Microlayers 1.810%; 
25) eet ee 2.0 work 12min, 60-62 12c 0.020 
TiN-Ti A 
pause 12 min 
Macrolayers 5:10, Mo — 0.5h, 
2.6 Mo Mo,N-Mo 2.0 Mo2N — 1h, 60-62 12c 0.020 


Mo — 0.5h 











O Fig. 5.4 Sample-witness and dummy O Fig. 5.5 Sample-witness and models 


plunger with nanolayer coating based of plungers with microlayer coating 
on Ti based on Mo 

















Oo 




















O Fig. 5.6 Spherical plunger surface with Ti-based 
Avinit nanolayer coating 
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Metallographic studies of the deposited coatings have been carried out. 
According to research data (Table 5.4), the developed processes of 
strengthening the spherical and cylindrical surfaces of the plunger on the ex- 
perimental parts retain the hardness of the material within the required limits, 
the thickness of the coatings is 0.5—1 um. The coatings have a homogeneous 
structure and are evenly distributed over the entire surface to be coated. 





O Table 5.4 Characteristics of the studied samples-witnesses and prototypes of 
plungers with coatings 


Finite. Parameters 


No. Composition Thick- Microhardness, 
Class Rough 
ness, Um Hy(50 g) 
2.1 Solid TiN 1 1150 10c 0.10 
2.2 Nanolayers TiN-Ti 0.5 894 11 0.040 
2.6 Macrolayers Mo,N-Mo 0.2 894 12b 0.026 


Metallographic studies of samples of the investigated coatings on plun- 
ger models (roughness, base hardness, microhardness, coating thickness) 
confirmed that the developed coatings have high tribological characteristics. 

Avinit multi-layer antifriction wear-resistant coatings have been deve- 
loped to improve the tribological characteristics of friction pairs to reduce 
wear and friction of parts of fuel equipment: 

= plunger pairs (with surface hardening or for plunger restoration); 

= nozzle needles; 

™ spray nozzles. 


—— 
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O Fig. 5.7 Strengthening the surfaces of the plungers 


Features of nanocomposite anti-friction wear-resistant coatings Avinit 
to improve the tribological characteristics of friction pairs. 

The coatings have a nanolayer structure and consist of layers of various 
metals and compounds with a thickness of ~ 5-10 nm. 
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Microhardness 8000-45000 MPa (depending on the composition of the 
coating). 

Preservation of the surface purity class Ra=0.025—0.036 um. 

Coating thickness 2—3 um. 

The coefficient of friction is 0.005 to 0.02. 

Low-temperature coating processes with good adhesion to the sub- 
strate (TS200 °C). 





O Fig. 5.8 Reinforcement of sliding and rolling raceways of bearings 
with Avinit nanocomposite wear-resistant anti-friction coatings 


Thus, 

1. The optimization of the technological parameters of the deposition 
of strongly adhered nanocomposite coatings on the spherical and cylindri- 
cal surfaces of full-scale plungers has been carried out, and the regimes for 
the coating of the selected compositions have been tested. 

2. Processes of applying reinforcing coatings on spherical surfaces of 
full-scale plungers have been worked out. 

The data obtained show the possibility of increasing the performance 
and durability of parts of the fuel equipment of diesel engines due to a sig- 
nificant improvement in the tribotechnical characteristics of combinations 
of parts of fuel equipment when using vacuum composite coatings. This 
makes it possible to reduce the accepted values of the gaps in the rubbing 
pairs and, accordingly, to improve the quality of the fuel equipment by re- 
ducing fuel leaks and increasing the injection pressure. 

Successful experience in the industrial implementation of the latest 
technologies developed by us for applying wear-resistant antifriction coat- 
ings using nanotechnology to increase the resource of friction pairs (sliding 
bearings, plunger pairs, rods and bushings of high-pressure control and 
stop valves) convinces of the great prospects for the use and life of precision 
engine parts and gas turbine technology 
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5.1.2 Multi-component coatings for CPG parts (pistons, rings) 
5.1.2.1 Avinit anti-seize coating for engine pistons 


One of the reasons for the rapid destruction of the contacting sur- 
faces in the friction units is the formation of scoring. This may be due to 
a violation of the lubrication conditions, overload, or non-conformity with 
the selected operating conditions. In the latter case, the problem arises 
of choosing a material that can satisfy the specific working conditions of 
a given university. 

The use of aluminum-based alloys for the manufacture of diesel 
pistons with high power to improve the weight, size and other promising 
parameters of the engine is a very important direction in engine building. 
A typical example is the heat-resistant aluminum alloy EN AW-AI with 
a tempering temperature of 180—200 °C. Aluminum alloys of this group com- 
bine strength and satisfactory tribological indicators that explain their use. 
necessary, alloys of this group are created in the manufacture of pistons for 
internal combustion engines. 

At the same time, their use is associated with certain difficulties due 
to insufficient wear resistance and seize resistance of these alloys. Under 
heavily loaded engines, the possibility of seize limits their use. Better wear 
resistance is also desirable. Such a material can be a typical structural ma- 
terial in mechanical engineering with the characteristic conditions of the 
permissible heating temperature, which does not reduce its mechanical 
properties after that, as well as the disadvantages of the headset and limi- 
tations in use. 

In connection with a sharp difference in the requirements for the mate- 
rial properties of parts of friction units in the volume and in a thin near-sur- 
face layer containing the parameters of friction and wear, it is more urgent 
to use new technologies for applying protective, wear-resistant, antifriction 
and seasoning coatings that ensure expansion. the possibilities of form- 
ing working layers, differing in the criteria of compatibility [4], as well as 
achieving maintenance-free machine with a comprehensive solution to the 
problems of a sharp multiple increase in parts. 

The piston coating is affected by mechanical and corrosive fuel and 
gas, which are provided by gas combustion, oxidizing carbon, nitrous oxide, 
sulfur dioxide, concentration, depending on the composition of the fuel. 
The coating must be chemically resistant, and no films or deposits must 
appear in it. 

The coating must have good thermal conductivity, which does not 
change during engine operation. Should be observed in comparison with 
the corresponding standard pistons in terms of wear resistance and piston 
wear rate, the running-in of coated pistons should not be carried out when 
using standard pistons. 
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5.1.2.1.1 Development of multifunctional composite coatings Avinit 


We have developed new multifunctional composite coatings Avi- 
nit [128, 129] for the elements of the cylinder-piston group (CPG): 

= pistons; 

= piston pins and bushings; 

= oil scraper and compression piston rings. 

In work [130], the development of low-temperature processes of depo- 
sition of wear-resistant, anti-seize coatings of various compositions on the 
EN AW-AT alloy was carried out. 

When working out the coating processes, the main task was to select 
the parameters of the installation, which would ensure the receipt of fortress 
coatings of the selected compositions without violating the strength of the 
base material. For the heat-resistant aluminum alloy EN AW-AI, such modes 
should not have reduced its hardness below 110 units on the Brinell scale. 

The study of the formation processes of coatings of different composi- 
tions was carried out under conditions that did not lead to an increase in the 
temperature of the samples above 200 °C. At the stage of vacuum-plasma 
cleaning, this was achieved through the use of a pulsed processing mode 
and the choice of the ratio of the intervals of operation and pause of arc 
sources, as well as the total processing time. When forming coatings using 
titanium or aluminum cathodes, as shown by experiments, it is close to the 
optimal operating mode of the arc source 2 sec. and a pause of 4 seconds. 
with a total processing time of 3-5 minutes with a gradual increase in the 
accelerating potential from 30...50 V to a maximum value of 1000 V. When 
working with a molybdenum cathode, the pause increased to 6 seconds. 
At the stage of deposition of coatings based on titanium, aluminum and their 
compounds with nitrogen, it was possible to maintain the temperature in the 
range of 180—200 °C in the mode of continuous operation of the vacuum-arc 
source at a potential of 30-40 V. In the case of the deposition of coatings 
based on molybdenum and its compounds, even at a potential of 25 V, it is 
impossible to keep the temperature of the samples within the applied limits 
with the constant operation of the vacuum arc source; therefore, a pulsed 
operating mode with a cycle of 6 s — work, 4s — pause was applied. 

The methods of plasma cleaning in a glow discharge of argon plasma 
and in a high-density argon plasma created by a gas plasma generator of the 
Avinit installation have been developed during the deposition of coatings 
on prototypes made of aluminum alloy. Pre-bombarding the substrate prior 
to coating is beneficial to both adhesion and coating quality. The parame- 
ters of ion bombardment have been determined, which provide the neces- 
sary temperature regime, which makes it possible to prevent overheating of 
the base material and to ensure the application of fortress coatings. 

The high-temperature aluminum alloy EN AW-AI with a tempering 
temperature of 180-200 °C was chosen as the material for the prototypes. 
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The work [131] investigated the tribological characteristics of coatings 
on samples under conditions simulating the operation of the piston group 
of the D80 engine. 

Table 5.5 shows the compositions of the investigated coatings, the va- 
lue of their microhardness, thickness. 





O Table 5.5 Investigated coatings 


Composition Microhardness, GPa Thickness, um 
Mo 4.0 4+5 
AIN 30 5+6 
TiN 22 5+6 
Mo+ Mo2N 25 (— 0.3) + (45) 
AIN+Al 30 (5+6) + (0.1) 
Mo+Mo.N + Mo = (GOS) E220) cia) 
(ALN-Ti) nanocomposite 20 5+6 
(TiN-AIN) nanocomposite 39) 5+6 
(TiN-AIN) nanocomposite + Mo = (S26) Gi2:9) 


Optimization of the technological parameters for the deposition of 
firmly adhered high-quality coatings and the development of modes of 
ion-plasma deposition of coatings of different compositions (Al-N; Ti-N; Al, 
Ti-N; Mo-N; Mo) and multilayer compositions based on them (AI-(AI-N)-Al; 
Al-(AI-N)-Al-(Al, Ti-N); (Mo-N)-Mo; -(Al, Ti-N)-Mo) for samples of alumi- 
num alloy EN AW-AI provide sufficient adhesion of coatings and preserva- 
tion of the hardness of the EN AW-AI alloy within the specified limits. The 
measured values of the stiffness of the base were not less than 125 kg/mm? 
for the studied samples. Metallographic studies of samples with coatings 
confirmed the continuity and uniformity of the thickness of the coatings 
over the entire surface of the samples. 

The coatings of the above compositions were applied to the samples 
for tribotechnical tests according to standard factory methods on friction 
machines of the SMC-2 and 2070 S SMC-1 types according to the «disc- 
shoe» scheme with a step load in the Central Factory Laboratory of the State 
Enterprise «Malyshev Plant «(Kharkiv) [131, 132,]. 

Wear tests are critical because wear increases the amount of gases es- 
caping through the piston grooves and the engine power decreases. 

Table 5.6 shows the results of measuring the value of the wear of the 
coatings under study, applied to the «disks» of the EN AW-AI alloy, as well 
as the «shoes» of cast iron sleeve after tests at a step load of up to 6 MPa. For 
comparison, samples of uncoated «discs» were tested. 
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O Table 5.6 Results of measurements of wear values during loading up to 3 MPa 
(dick EN AW-AI, shoe — sleeve cast iron) 


No. Coating Disc wear, g Shoe wear, g, eae reere 


in stability 

1 uncoated 0.0343 + 0.0004 1 

2 Mo 0.0632 0.0001 Dail 

3 AIN 0.0006 061233 64.2 

4 TiN 0.0023 0.0476 28.7 

5 Mo+ Mo2N 0.0180 0.0497 56 

6 (TiN-AIN) 0.0006 0.0340 87.9 

7 (AIN-Ti) 0.0716 0.0007 0.7 

8 AIN+Al 0.0008 0.0295 47.6 

9 Mo+ Mo2N + Mo 0.0064 0.0003 20.6 


The analysis shows that the samples of the EN AW-AI alloy without 
coating wear out intensively. 

The coating of pure Mo has a lower linear wear rate compared to the 
EN AW-AI alloy and wears out the counterbody quite insignificantly, but, 
in general, showed low wear resistance and was almost completely worn 
out to the base during the tests. Comparison of the test results of Al, Ti, and 
Mo nitrides shows that the AIN coating is the most wear-resistant, however, 
when it is tested, the greatest wear of the counterbody occurs, which can 
characterize the abrasive properties of this coating. MON and TiN coatings 
showed approximately the same wear performance results. 

The coating (TiN-AIN) showed the highest wear resistance, but it also 
has the highest wear resistance in relation to the counterbody. 

Examinations of the nanocomposite coating (TiN-AIN) showed that its 
wear resistance is the same as that of the AIN coating, but the ability of the 
wearing counterbody is significantly lower (more than 3 times). The nano- 
composite coating (AIN-Ti) showed an even lower wear capacity in relation 
to the counterbody, however, when friction with a load of up to 3 MPa, adhe- 
sion occurs with destruction of the coating and surface layers of the metal, 
which explains such high values of disk wear. 

Table 5.7 shows the results of subsequent repeated tests of some va- 
riants of the investigated coatings up to a load of 10 MPa, the maximum 
possible during examinations according to the chosen scheme. 

The wear of the samples after repeated tests was to some extent influ- 
enced by the running-in processes that took place during the examinations 
at the first stage. So, the amount of wear of the uncoated EN AW-AT alloy 
turned out to be less than during the first examinations, this is also true for 
the TiN coating. All investigated coatings withstood the maximum load 
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without destruction. The Mo+Mo2N+ Mo coating, as in the first series of 
examinations, showed the lowest wear capacity in relation to the counter- 
body, and the nanocomposite coating (TiN-AIN) turned out to be the most 
wear-resistant. Since the magnitude of the load is limited by the capabili- 
ties of the mechanism loading the friction machine, in order to assess the 
limiting performance of the Mo+ Mo2N + Mo coating, a repeated load was 
performed up to 10 MPa. With repeated loading, the coating worn out to the 
base material at a load of ~8 MPa, however, tear and seize were not detected, 
as evidenced by the course of change in the friction coefficient (Fi) up to 
a maximum load of 10 MPa (Table 5.7). 





O Table 5.7 Results of measurements of wear values during loading up to 10 MPa 
(disk EN AW-AI, shoe — sleeve cast iron) 


Coefficient of friction Fy, 


No. Coating Disk wear, g Shoe wear, g at loading of 6 MPa 
1 = 0.0113 + 0.0002 0.03 
D AIN 0.0014 0.1228 0.12 
3 TiN 0.0013 0.0496 0.14 
4 Mo+Mo2N 0.0032 0.0815 0.12 
5 AIN+Al + 0.0010 0.0614 0.11 
6 (TiN-AIN) 0.0007 0.1188 0.12 
%  Mo+Mo.N+Mo 0.1934 0.0014 0.1 


Dependences of the friction coefficient on overload are presented in 
Table 5.8 (load up to 3 MPa) and Table 5.9 (repeated loading up to 10 MPa). 





O Table 5.8 Dependence of the friction coefficient (F;,) on the load up to 0.6 kN 
(disk EN AW-AI with coatings, shoe» — sleeve cast iron) 


Coefficient of friction Fy, at loading of P, KN 


No. Coating 
0.2 0.4 0.6 
1 = 0.15 0.16 0.14 
D Mo 0.14 0.15 0.14 
3 AIN 0.12 0.15 0.146 
4 TiN 0.05 0.15 0.14 
5 Mo2N 0.1 0.135 0.14 
6 AIN+Al 0.02 0.05 0.093 
7 (AIN-Ti) 0.024 0.085 0.097 
8 (TiN-AIN) 0.054 0.05 0.08 
©) Mo+Mo.N+ Mo 0.04 0.033 0.027 
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O Table 5.9 Dependence of the friction coefficient (F~) on loading when loading 
up to 2.0 KN («disk» EN AW-AI with coatings, «shoe» — sleeve cast iron) 


Coefficient of friction Fr, at loading of P, KN Notes 
No. Coating 
OF |] O4. | OS | O23 | WO | ee | el | ies |] a) | 0) - 
1 — 0.03 0.015 0.014 0.012 0.012 0.03 — _ - - - 


2 AIN 0.06 0.095 0.12 0.12 012 0.12 0.114 0.115 0.113 0.115 — 
3 TiN 017 0.15 0.14 0.14 0.13 0.14 0.13 0.135 0.137 0.135  — 
4 Mo2N LOST ROEM FORI25 TOs TO N2S ROM 28 (O25 OMG) FON) (Onl24 
De AN ATS OLO16) FO:025 (O07) KONIG ROMS KORIS MOLI RONIS FORMS FOR - 
6 (TiN-AIN) 0.03 0.075 0.12 0.12 0.12 0.12 0.12 0.12 01160115 — 


Mo+ 
+Mo,N+Mo 


8 —»—»— 0,02 0.005 0,005 0.006 0.007 0.007 0.008 0.005 0.008 0.008 II load. 


0.022 0.04 0.06 0.11 0.11 O01 O11 0.11 0.116 0.114 Iload. 





Analysis of the data obtained shows that the uncoated EN AW-AI alloy 
with repeated loading withstands a load of up to 6 MPa, the subsequent 
load leads to a sharp increase in the friction moment and the beginning 
of setting. The level of values of the coefficient of friction under repeated 
loading has significantly decreased, which can be explained by attaching 
the working surfaces. The decrease in the friction coefficients of the inves- 
tigated coatings under repeated loads is less pronounced, which may be 
associated with the relatively higher rigidity and wear resistance of the in- 
vestigated coatings. However, under one more load of the Mo+Mo2N+Mo 
coating up to the ultimate load of 10 MPa, a significant decrease in the 
friction coefficients was recorded, which characterizes the possibility of 
using this coating as wear-resistant and antifrictional under appropriate 
operating conditions. 

The results of examinations of the selected options for coatings accord- 
ing to scheme 2 with a load of up to 10 MPaare presented in Tables 5.10, 5.11. 





O Table 5.10 Wear of the coating at a step load of up to 10 MPa («disk» — sleeve 
cast iron, «shoe» EN AW-AIT) 


No. Coating Shoe wear, g Disk wear, g Notes 
1 - 0.0075 0.0023 load up to 8 MPa 
2 Mo+ Mo2N + Mo 0.0002 0.0034 load up to 8 MPa 
3 Mo+ Mo2N + Mo 0.0005 0.0062 - 
4 (TiN-AIN) 0.0002 0.0290 = 
» (TiN-AIN) + Mo 0.0002 _ - 
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O Table 5.11 Dependence of the friction coefficient (F;,) on the load («shoe» EN 
AW-AI with coatings, «disk» — sleeve cast iron) 


Coefficient of friction F,, at loading of P, kN 
OFZ Ors CLGm MOIS 1 Wo | Tél | ils | ie} | Bo) 
1 - 0.042 0.02 0.013 0.01 0.011 0.01 0.011 0.016 — - 
2 Mo+Mo.N+Mo 0.094 0.105 0.115 0.114 0.11 0.107 0.106 0.106 0.107 0.098 
3 Mo+Mo.N+Mo 0.13 0.125 0.113 0.099 0.092 0.085 0.086 0.09 0.092 0.093 
4 (TiN-AIN) ON O27 OSH OSS 0) 127 OM125 05121) O02 1) Onan On 
5 (TiN-AIN)+Mo_ 0.16 0.155 0.145 0.135 0.13 0.127 0.125 0.125 0.124 0.123 


No. Coating 


The tests of the EN AW-AI alloy without coating showed a sharp increase 
in the friction moments and the beginning of the formation of scoring at a load 
above 8 MPa. Coated specimens withstand maximum loads without burr or 
breakage. The highest wear resistance in these examinations, as in the previ- 
ous ones, was shown by the coating (TiN-AIN), but it also had the greatest wear 
resistance in relation to the counterbody. In this regard, the MotMo2N+Mo 
coating turned out to be better, for which, as exams up to a load of 8 MPa 
showed, the wear of the counterbody is not much higher than this indicator 
in the examinations of the EN AW-AI alloy without a coating, with a suffi- 
ciently high wear resistance of the coating itself. However, nanocomposite 
coatings of the (TiN-AIN) type are undoubtedly interesting as a promising 
option for strengthening parts made of aluminum and other metals and alloys. 

The Mo+Mo2N+Mo coating has the lowest wear capacity in relation 
to the counterbody (the wear of the counterbody is slightly higher than 
this indicator when testing the EN AW-AI alloy without a coating), but the 
wear resistance of the coating itself is quite high. When loading the 
Mo+Mo.N+Mo coating up to the ultimate load of 10 MPa, a significant 
decrease in the friction coefficients was recorded, which characterizes the 
possibility of using this coating as a wear-resistant and antifrictional one 
under appropriate operating conditions. 

The analysis of the obtained results showed [131] that the Mo+Mo,.N+Mo 
coating, which has the lowest ability in relation to the counterbody in compari- 
son and very high wear resistance, has the best combination of wear resistance, 
wear Capacity in relation to liner cast iron and antifriction properties of the 
studied coatings. These coatings were selected for application as anti-seize 
wear-resistant coatings on full-scale pistons made of deformed heat-resistant 
aluminum alloy for diesel engines of the D80 type for bench tests. 

Thus, tests of various coatings obtained by the method of vacuum 
ion-plasma spraying on samples of heat-resistant deformed alloy EN AW-AI 
were carried out under sliding friction under conditions of extreme lubrication. 

The test results show that the developed nanocomposite vacuum-arc 
coatings on the EN AW-AT alloy of the corresponding compositions prevent 
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seize when working in tandem with liner cast iron under sliding friction 
conditions under lubrication boundary conditions corresponding to the 
operating conditions of the parts of the cylinder-piston group of engines. 
In this case, the relative increase in resistance reaches 20-80 times, and the 
wear of the counterbody decreases by 4-5 times. 

The highest wear resistance of the investigated coatings is possessed 
by a coating of the composition Ti-Al-N. The multilayer coating of the 
(Mo-N)-Mo composition has the lowest wear capacity in relation to the 
counterbody in comparison with other coatings. 

The coatings of these compositions withstood the tests at maximum 
loads without the formation of burrs; their coefficient of friction during the 
test tended to decrease in value. 

The Mo+Mo2N+Mo coating has the best combination of wear resis- 
tance, wear capacity in relation to liner cast iron and antifriction properties of 
the studied coating options. This coating is recommended for pilot testing as an 
extreme pressure wear resistant coating for pistons made of aluminum alloys. 


5.1.2.1.2 Avinit C220 coating on full-scale pistons 


The adaptation of the process of applying anti-seize and wear-resistant 
coatings to aluminum pistons of D80 diesel engines has been carried out. 

The development and manufacture of the necessary technological 
equipment for the application of ion-plasma coatings on full-scale pistons 
was carried out. 

Corresponding technological modes of piston heating to a predeter- 
mined temperature, their ionic cleaning and subsequent ionic treatment 
and coating have been worked out. 

Optimization of technological parameters of deposition of strongly 
adhered ion-plasma coatings Mo+Mo,N-+ Mo on the surface of full-scale 
aluminum pistons of D80 diesel engines has been carried out. 

Metallographic studies have confirmed the preservation of the stiff- 
ness of the piston material within the required limits. The thickness of the 
applied coatings is 3-5 um. The coatings have a homogeneous structure 
and are evenly distributed over the entire surface of the piston to be coated. 

The worked out modes provide sufficient adhesion and preservation 
of the hardness of the EN AW-AI alloy within the specified limits. Metallo- 
graphic studies of samples with coatings confirmed the continuity and uni- 
formity of the thickness of the coatings over the entire surface of the samples. 

The technical process of applying Avinit anti-seize coatings on natural 
cuttings of the D80 piston has been worked out. 

The Mo+Mo,N + Mo coating was applied to the full-scale aluminum 
pistons of diesel engines of the D80 type for bench tests according to the 
worked-out modes (Fig. 5.9). 


105 


Avinit vacuum-plasma technologies in transport machine building 





O Fig. 5.9 Anti-seize and wear-resistant Avinit nanocomposite coatings 
on pistons made of aluminum alloy of D80 diesel engines 
(State Enterprise «Malyshev Plant», Kharkiv) 


5.1.2.1.3 Bench tests of pistons made of EN AW-AI aluminum alloy 
with anti-seize wear-resistant coatings Avinit C220 for diesel engines 
of type D8&0 


Bench tests of pistons made of deformed heat-resistant aluminum alloy EN 
AW-AI with developed anti-seize wear-resistant coatings Avinit C220 for diesel 
engines of D80 type were carried out at the SE «Malyshev Plant « (Kharkiv). The 
tests were carried out as part of a diesel engine according to a single-cylinder 
scheme with the maximum approximation to full-scale operating conditions. 

The test results show that nanocomposite vacuum-arc coatings have 
been developed on the EN AW-AI alloy of the corresponding composi- 
tions (AIl-N; Ti-N; Al, Ti-N; Mo-N; Mo) and multilayer compositions based 
on them (Al-(Al-N)-Al; Al-(AI-N)-Al-(Al, Ti-N); (Mo-N)-Mo; (Al, Ti-N)-Mo) 
completely prevent seize when working in steam with sleeve cast iron un- 
der sliding friction conditions at boundary conditions of lubrication corre- 
sponding to the operating conditions of parts of the cylinder-piston group of 
engines. Depending on the type of coating, the relative durability of coated 
samples in relation to uncoated ones increases by 20-80 times, and the wear 
of the counterbody decreases by 4-5 times. The Mo+ Mo2.N+ Mo coating 
has the best combination of wear resistance, wear capacity in relation to 
liner cast iron and antifriction properties of the studied coatings. 

The developed anti-seize coatings Avinit C220 for diesel engines of the 
D80 type have been fully certified at the factory. 

This coating is recommended for pilot testing as an extreme pressure 
wear resistant coating for pistons made of aluminum alloys. 

The test results confirmed the high efficiency of the developed coatings, 
and they were recommended instead of the factory running-in coating VAP-2. 

Testing of pistons D80.0406-1 with a multilayer nitride-molybdenum 
coating was carried out on a 2-cylinder in-line diesel engine with a cylindri- 
cal power of 187 hp. at 1000 rpm. 
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The diesel engine has passed rolling tests and acceptance tests. 

By the time of disassembly, it worked with the indicated pistons for 
64 hours and 50 minutes. During the tests, there were no comments on the 
operation of the cylinder-piston group. 

Inspection of the piston cuttings revealed that there are no signs of 
wear, damage or destruction of the coating. No traces of oxidation of the 
lubricant were found on the piston cuttings. The pistons are in working 
order and are suitable for further operation. There are no comments on the 
condition of the cylinder liner sliding surface. 

The work performed to increase the service life of diesel locomo- 
tive engines of the D80 type by expanding the scope of possible use of 
coatings of a new generation can serve as the basis for creating a «mainte- 
nance-free engine». 


5.1.2.2 Avinit hardening coating for compression rings 
in diesel engines 


Avinit reinforcing nano-coatings have been developed for compression 
rings of diesel engines, which have shown high efficiency while reducing 
the total number of piston rings. 

In [133], studies were carried out to strengthen the edges of the oil 
scraper piston rings of the D80 diesel engine with nanocomposite coatings 
based on Ti-Al-N. 

The technical and economic characteristics of internal combustion engines 
largely depend on the features of the work of the parts of the cylinder-piston 
group and, above all, the piston rings. Reducing the frictional losses of these 
parts to the greatest extent determines the possibility of increasing the mechan- 
ical efficiency and, accordingly, reducing the fuel consumption in operation. 

The consumption of lubricant for waste in internal combustion engines 
is determined by many factors, the most important of which is the size of 
the gap between the mirror of the liner and the surface of the ring. The re- 
sistance to wear of the ring determines the lubrication consumption during 
engine operation, which is an important characteristic of the engine. In die- 
sel engines D80, the surface of the oil scraper ring, facing the sleeve, is made 
in the form of a wedge with an angle of 45° and a belt 0.2+0.3 mm wide at its 
apex in contact with the sleeve. The belt is the most loaded part of the ring 
and it is on its wear resistance that the stability and the amount of lubricant 
consumption during engine operation depend to the greatest extent. 

Various methods are used to increase the resistance of friction surfaces. 
One of the widespread and relatively simple methods used at machine-build- 
ing enterprises to strengthen surfaces, including at the manufacturer of the 
D 80 engine, are electrolytic coating methods. However, attempts to apply 
these methods to strengthen the oil scraper ring belt did not give a positive 
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result, since it turned out to be impossible to provide the required geometry 
of the ring belt working surface due to the very large unevenness in the coat- 
ing thickness. This unevenness is typical for electrolytic coating methods on 
products with sharp edges on the working surface. 

In [131], studies were carried out to determine the tribological charac- 
teristics in friction pairs with liner cast iron of a number of coatings obtained 
by the vacuum arc method in relation to the problem of creating anti-seize 
reinforcing coatings for the piston shaft of the D80 engine. Studies have 
shown that nanocomposite coatings of the Ti-Al-N system showed the high- 
est durability when tested in tandem with cast iron. These studies served as 
the basis for choosing the type of coating for applying hardening coatings 
on the oil scraper piston rings of diesel locomotive engines of the D80 type. 

The nanocomposite coating of the Ti-Al-N system was chosen as the 
main coating. To assess the effectiveness of using this coating as a reinforc- 
ing coating, comparative tests for the wear resistance of coatings of the Ti-N 
system that are widely used to strengthen various products were carried out. 

The application of reinforcing nanocomposite coatings by vacuum arc 
spraying was carried out on the Avinit vacuum plasma cluster. The coatings 
were applied according to a specific program, in which the time, sequence 
and mode of operation of the evaporators, the system for supplying reaction 
gases, and a high-voltage source were set, which made it possible to obtain 
a multilayer and multicomponent coating with a given composition in thick- 
ness. When working out the coating processes, the main task was to select 
parameters that ensure the formation of strength layers of the selected com- 
positions without compromising the strength of the base material — special 
cast iron according to D100004.DT-62. The piston ring sliding surfaces were 
pre-lapped prior to coating. Measurements of the stiffness of the rings showed 
that the selected modes of coating do not change the rigidity of the latter, 
which was in the range of 101-104 HRB units both before and after coating. 

The ratio of Ti to Al in the coatings depended on the ratio of the cur- 
rents of the corresponding arc sources at other constant process parameters. 
For testing, prototypes of piston rings with coatings of two compositions 
were obtained at currents of arc sources Ti and Al corresponding to a ratio 
of 1:1 and 2:3 (respectively Ti-Al-N (I) and Ti-Al-N (II)). The pressure of the 
reaction gas was chosen so as to obtain typical values for the microhardness 
of the respective compounds. 

During the deposition of coatings, a layered structure was formed from 
layers of the corresponding compositions with a thickness of ~10—-15 nm. 

Ti-N coatings were applied to two batches of rings under the same con- 
ditions, but different thicknesses. 

Table 5.12 shows the characteristics of the investigated coatings. 

The tests were carried out on samples cut from coated piston rings on 
a reciprocating friction machine RFM in a mode simulating the operation of 
an oil scraper ring, with a total load of 5 kg and a sliding speed of 0-1 m/s. 
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As a counterbody in the tests, we used samples cut from the cylinder liner of 
a D80 diesel engine while maintaining the working surface. 

The results of tests carried out for 1 hour and 7 hours are shown in 
Table 5.13. For comparison, the table also presents the test results of sam- 
ples of oil scraper piston rings without coating. 





O Table 5.12 Characteristics of the investigated coatings 


Composition Microhardness, GPa Total thickness, 1m 
TiN (1) De 16 
TiN (II) DD 4 
Ti-Al-N (I) 35 6 
Ti-Al-N (ID) 30 6 














O Table 5.13 The results of measurements of the wear values of oil scraper piston 
rings (PR) when working in tandem with samples of cylinder liners (GL) 


Wear of samples Wear of samples of , 
; of the piston rings, cylinder liners, gx10° _ Relative 
No. Coating gx103 during tests, h during tests, h increase of 
stability 
1 = |Setny |) 7 S(8h) 
1 TIN (I) 0.90 0.55 1.45 - = 67.7 - 
2; TiN (II) 0.45 0.15 0.60 = — 13:9 De 
3 Ti-Al-N (1) 0.20 0.10 0.30 = aa 3.6 4.6 
4 Ti-Al-N (II) On Sm 025 0.40 = — DS) 3.4 
a) Without coating - 1.2 - - _ 10,2 1.0 


TiN (1) coating with a thickness of 16 um showed low resistance in tests. 
Microscopic studies of the surface of such samples after testing showed that 
wear occurs with the chipping of individual fragments of the coating, which 
affected the high wear values of the ring on the one hand and, to an even 
greater extent, the wear capacity of such a coating. This result confirms the 
numerous data on tool strengthening, according to which coatings of TiN 
and other similar types of joints are effective up to a thickness of about 6 um. 
Due to the high brittleness of such joints, a further increase in thickness 
does not lead to an increase in the resistance of coated parts, but, on the con- 
trary, begins to decrease. Therefore, subsequently, the thickness of the coat- 
ings did not exceed 6 um. Coatings with TiN (II) with a thickness of 4 um 
showed high resistance compared to an unreinforced PC sample and a sig- 
nificant slowdown in the wear rate after 7 hours of testing compared to the 
first hour of testing. The introduction of Al into titanium nitride and the 
formation of a nanolayer structure for coatings of the Ti-Al-N system had 
a positive effect both on increasing the resistance of the coating and on 
reducing the wear of the counterbody. Coatings with a higher Al content 
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(Ti-Al-N (II)) showed slightly lower resistance compared to the Ti-Al-N (I) 
coating, but, on the other hand, and less wear capacity in relation to the 
counterbody. The obtained differences in the tribological characteristics of 
coatings with different aluminum contents fit into the general character of 
changes in the properties of coatings of this system, depending on the ratio 
of Ti to Al. Thus, the hardness of the coating in the Ti-Al-N system increases 
with an increase in the Al content in the coating, reaching a maximum in the 
region of ~40-50 at % aluminum and then, with its further increase, decreases. 
According to this coating, with higher rigidity, they showed both higher resis- 
tance to wear and faster running-in of the surface of the cast iron counterbody, 
showing less total wear in the next 7 hours compared to an hour in the initial 
period. Coatings based on Ti-Al-N, having a higher rigidity compared to 
TiN coatings, at the same time, as compared with the latter, as shown by stu- 
dies [131], lower values of the coefficient of friction in a wide range of loads. 
This was reflected in the amount of wear of the counterbody during tests, which, 
when using a TiN coating to strengthen the prototypes, exceeded the wear 
obtained during tests with coatings based on Ti-Al-N by more than 4-6 times. 

Tests have shown that nanocomposite coatings based on the Ti-Al-N 
system have 1.5—2 times higher wear resistance compared to TiN coatings and 
more than 4-6.5 times lower in wear capacity. Thus, it can be expected that 
the wear resistance of rings with nanocomposite coatings based on Ti-Al-N 
coatings will be 3-4 to 10 times higher compared to rings without coatings. 

Studies of the characteristics of friction and wear of ion-plasma coat- 
ings under the operating conditions of parts of the cylinder-piston group 
of highly accelerated diesel engines, as well as the experience of operating 
aluminum pistons with a composite coating MoN + Mo indicate high cha- 
racteristics of these coatings in terms of tear resistance and antifriction. 

In [133], the characteristics of friction of such composite ion-plasma 
coatings in relation to the operation of piston rings of diesel locomotive en- 
gines were determined, as well as an assessment of the effect of these coat- 
ings on the technical and economic characteristics of the engines produced. 
The results of tests to determine the effect of the composition of composite 
vacuum ion-plasma coatings on the magnitude and nature of the change in 
the friction coefficient depending on the load are presented in the range of 
piston ring loads of diesel locomotive engines. 

The following coating options were selected for testing: 

1. TiN coating. 

2. TiAIN coating. 

3. MoN+ Mo coating. 

4, MoCuN coating. 

The calculated thickness of the investigated coatings was 3...5 um. Samples 
of X12@1steel, heat-treated to a hardness of 60...61 HRC, served as substrates 
for the coatings. For comparison, samples of piston rings of a 10A,100M1 diesel 
engine with a chrome coating applied by an electrolytic method were examined. 
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The results of tests to determine the coefficients of friction (F,,) are 
given in Table 5.14. 

The analysis of the results obtained indicates that the use of the inves- 
tigated composite coatings for piston rings can provide a higher tear resis- 
tance and better friction characteristics of the liner — piston ring interface 
in comparison with the used electrolytic chromium coating. However, it 
should be noted that with an increase in the total loads, the friction coeffi- 
cients of the investigated coatings slightly increase, while the friction coeffi- 
cient of the chrome-plated piston ring decreases. This indicates that in order 
to achieve a greater effect of using the studied promising coatings of piston 
rings, it is advisable to simultaneously process the possibility of lowering the 
acting loads in combinations. 

To assess the efficiency of using various coatings, Table 5.15 shows the 
average values of the coefficients of friction (F;,) in the range of total loads of 
0.2-1.0 KN, typical for the operating conditions of compression piston rings. 





O Table 5.14 Test results of the investigated coatings 
Coefficient of friction Fy, at loading of P, KN 


Coating 
OR? 0.4 0.6 0.8 1.0 i122 1.4 
Ti 0.025 0.033 0.040 0.051 0.085 0.097 0.086 
TiAIN 0.020 0.023 0.028 0.034 0.040 0.057 0.086 
MoN+Mo 0.020 0.23 0.032 0.038 0.049 0.060 0.065 
MoCuN 0.020 0.025 0.030 0.036 0.044 0.050 0.080 


Chrome ring 0.120 0.105 0.093 0.92 0.096 Tx = 





O Table 5.15 Average values of friction coefficients (Fy) in the range of total loads 
0.2-1.0 KN and microhardness of the investigated coatings 


; ; Microhardness, HV50, kg/mm? 
Coating material Value Fy, 


Initial Friction tracks 
Avinit C310 0.029 1503 1720 
Avinit C220 0.032 1507 23oe) 
Avinit C240 0.031 2022 2212 
Chrome ring 0.101 1057 7D) 


Analysis of average values shows that TIAIN, MoN+ Mo and MoCuN 
coatings give approximately the same friction coefficients in the range 
of 0.029-0.032, which is more than three times less than the values of the 
friction coefficients of chrome-plated piston rings. TiN coating reduces the 
coefficient of friction by about half compared to chrome coating. The lowest 
values of the friction coefficients in the considered range of loads were ob- 
tained during testing of the TiAIN coating. 
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The studies carried out to determine the tribological characteristics in 
friction pairs with liner cast iron showed that Avinit C310 nanocomposite 
coatings have the highest stability (Table 5.15). 

To determine the effectiveness of the application of the investigated 
coatings on the manufactured piston rings of diesel engines, a preliminary 
calculation of the power losses for friction of the cylinder-piston group of 
the 10D100 engine was carried out when using compression piston rings 
with such coatings. Taking into 
account the higher efficiency of 
coatings in reducing the friction 
coefficients at lower loads, the cal- 
culation considered the possibility 
of reducing the acting loads by 
reducing the axial height of the 
piston compression rings. 

The efficiency of using the in- 
vestigated coatings with a decrease 
in the total number of piston rings, 
which is a general trend in modern 





O Fig. 5.10 Oil scraper piston rings with : : ae ; 
reinforcing Avinit C310 coatings piston engine building, is also con- 
sidered. 


The calculation results show that a decrease in the frictional losses of 
the piston rings leads to a significant increase in the rated engine power, as 
well as to a decrease in specific fuel consumption. Thus, the results obtained 
show an increase in the rated power, a decrease in specific fuel consumption 
due to a decrease in friction losses of the compression rings. 

Conclusions. 

1. Tests were carried out to determine the tribotechnical characteris- 
tics of coatings obtained by the method of vacuum ion-plasma spraying in 
comparison with an electrolytic chromium coating for the manufactured 
piston rings of diesel engines. 

2. TiN coating reduces the coefficient of friction by about half com- 
pared to chrome coating. Coatings with TiN (II) with a thickness of 4 um 
showed high durability compared to the unreinforced PC sample. 

3. Tests of various reinforcing nanocomposite coatings obtained by the 
method of vacuum ion-plasma spraying on oil scraper piston rings (PC) have 
been carried out. 

4. The TiAIN, MoN + Mo and MoCuN coatings give approximately the 
same friction coefficients, which in the load range of 0.2-1.0 KN are more 
than three times less than the values of the friction coefficients of the chro- 
mium electrolytic coating of the piston rings of the 10D100M1 diesel engine. 

5. Multilayer coatings such as TiAIN and AITiN exhibit higher tribolo- 
gical characteristics. The introduction of Al into titanium nitride and the for- 
mation of a nanolayer structure for coatings TiAIN (I), TiAIN (ID), AITiN (ID) 
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had a positive effect both on increasing the resistance of the coating and on 
reducing the wear of the counterbody. On the basis of the tests carried out, 
one can expect an increase in the wear resistance of rings with such coatings 
from 3-4 to 10 times when operating the engine during the part-time period 
and during the period of the beginning of operation. 

6. The research results, as well as the known data on the multiple in- 
crease in the wear resistance of parts and tools when using vacuum ion-plas- 
ma coatings, make it possible to recommend the coating of MoN + Mo, TiAIN 
and MoCuN on the manufactured piston rings of diesel engines for testing 
under the conditions of bench tests and tests on experimental engines. 


5.1.2.3 Composite coating for crankshaft parts 


At present, the most promising antifriction materials for plain bearing 
shells of the crankshaft of an internal combustion engine are aluminum-tin 
feet of the AMO1-20 type. Such inserts are distinguished by the highest cor- 
rosion resistance and resistance to wear and tear destruction and durability. 
However, their use for bearings of highly accelerated diesel engines is re- 
strained due to the threat of tear formation due to possible violations of ope- 
rating conditions, as well as due to possible deviations in the technologies for 
manufacturing parts, assembly, etc. Therefore, the creation of an anti-friction 
anti-seize coating on the working surfaces is of great importance for a signifi- 
cant increase in the reliability and durability of the ICEs produced. 

For steel-bronze and steel-aluminum main and connecting rod bearings, 
Avinit running-in coatings and Avinit quasi-crystalline coatings have been 
developed (Fig. 5.11). Technological equipment (dies, sockets, etc. parts), 
which are used in the process of making liners, operate under conditions of in- 
creased friction and require reinforcing and anti-friction coatings (Fig. 5.12). 


Oo Oo 





O Fig. 5.11 Anti-friction Avinit O Fig. 5.12 Technological 

coating on the working surface of plain equipment for the formation of 
bearings (liners) for internal combustion liners with a hardening anti-friction 
engines (Melitopol Plain Bearing Plant) coating (Melitopol Plain Bearing Plant) 
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5.1.2.4 Coating for corrosion protection of power steel parts 


Corrosion of structural elements is one of the factors that reduce the 
service life of mechanisms and machines [78, 79]. 

One of the ways to combat corrosion and improve the reliability of parts 
is to apply protective coatings on their working surface that improve their 
anti-corrosion properties. In mechanical engineering, different methods of 
coating are used: spraying, vacuum-plasma, plasma-chemical, high-tem- 
perature diffusion, galvanic, etc. Each method and applied coating has some 
disadvantages and advantages, as well as its own field of application. Vacuum- 
plasma and plasma-chemical methods of coating deposition are the most 
promising among the methods that ensure the production of strongly adhered, 
practically non-porous coatings from any metals, alloys and compounds. 

In work [134], a protective coating obtained using vacuum-plasma 
technologies was proposed, which it was decided to test on the load-bearing 
part «Press nut 457.81.027-1» made of 40 carbon steel. 

The operating conditions of steel parts «Press nut 457.81.027-1» and 
the nature of corrosion are such that the most probable causes of corrosion 
damage to the oxidized surface of a part made of steel 40 are electrochemi- 
cal processes of metal dissolution and oxidation during the formation of 
a moisture film on the surface due to adsorption forces or a capillary, which 
can occur even at a relative humidity of less than 100 %. Under conditions 
of large temperature drops in the sealed volume, condensation of supersatu- 
rated water vapor can simply occur. In addition, chemically active products 
released during engine operation can accumulate in the sealed volume. 
All this taken together suggests that the conditions in which the steel parts 
«Press nut 457.81.027-1» are operated can be attributed to the group of se- 
vere or especially severe operating conditions. 

The work [134] analyzes the stability of various coating materials, 
adapts vacuum-plasma technologies for producing fortress coatings, worked 
out technological regulations and applied a coating to an experimental 
batch of parts «Press nut 457.81.027-1» for carrying out accelerated corro- 
sion tests of these nuts. 

According to the terms of reference for the work, additional machining of 
the surface of the nuts was not allowed, as well as the tempering of the material 
of the part during coating. Therefore, to obtain a higher quality coating, other 
methods of preliminary surface preparation were used: chemical digestion, 
ultrasonic cleaning, treatment in a gas discharge plasma and molybdenum 
ions in the saturation mode. According to the selected modes, the test coating 
was applied to the surface of the nuts, which differed in the initial state of the 
surface, its preliminary treatment, and the thickness of the applied coating. 

It is well known that non-porous coatings made of corrosion-resistant 
materials can provide reliable protection against corrosion in such con- 
ditions. Practice shows that absolutely non-porous metal coatings can be 
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obtained under optimal conditions for their formation and at a thickness 
of, as arule, more than 20-50 um, while the surface to be coated should not 
have rough surface defects (cavities, microcracks, nicks, etc.). the fact that 
the surface of the side faces of the steel parts «Press nut 457.81.027-1» when 
tightened or unscrewed can be subjected to sufficiently large mechanical 
loads, the coatings must also have the necessary adhesion and a reserve of 
plasticity and strength, so that in the process of such operations the coating 
can maintain its integrity (do not flake off, do not crack, do not peel off). 

The requirements for corrosion resistance of coatings in combination 
with rather high requirements for mechanical properties complicate the 
choice of materials for the coating and methods of their application. In addi- 
tion, according to the existing technology, steel parts «Press nut 457.81.027-1» 
are made from a hexagonal blank without additional processing of edges 
containing many rough surface defects, which makes it practically impossible 
to obtain metal coatings without through porosity at reasonable thicknesses. 

The protective properties of coatings with through pores during elec- 
trochemical corrosion are determined by many factors (composition and 
concentration of ions in the electrolyte, temperature, degree of electrolyte 
renewal, its aeration, etc.). Coatings that have a more negative potential in 
contact with the base metal during electrochemical corrosion processes will 
serve as an anode and inhibit corrosion of the protected metal in the places 
of its contact with the electrolyte due to pores or other violations of the in- 
tegrity of the coating, that is, in principle, they can also provide sufficient 
a high degree of protection and, on the contrary, with reverse polarity in the 
«coating-metal» pair, the base metal will corrode faster. 

The standard electrode potential of iron is —0.43 V. Its electrode 
potential in different electrolytes can be «upgraded» (according to [78] 
to —0.135 V), but it does not reach positive values. Comparison of data for 
other metals shows that most of the metals commonly used in practice in 
contact with iron (carbon steel) can have a more noble potential than iron, 
including those having a more negative standard potential with respect to 
iron (for example, chromium, titanium ). Even classic zinc coatings, widely 
used for the protection of carbon steels as anodic ones, at temperatures 
above 70 °C can acquire a potential more positive than iron. This behavior of 
a number of metals is due to their ability to passivate (inhibit the anodic dis- 
solution process) when immersed in electrolytes of a certain composition. 
The transition to a passive state can also be caused by the passage of current 
from an external source, including due to the current due to the contact 
potential difference arising between two dissimilar metals in the electrolyte. 
Therefore, the selection of a suitable anodic type coating to protect a parti- 
cular metal in the general case can be quite difficult. 

In this particular case, when the composition of the corrosive medium 
and its possible changes during the operation of the part are unknown, it is 
not possible to foresee in advance the ratio of the potentials of the protected 
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metal and the probable coating. Therefore, the preliminary selection of 
the coating material in this case will be of a probabilistic nature, and the 
possibility of its use as an anode one in a pair of «carbon steel-coating» can 
be assessed only by the results of tests of coated parts (samples). However, 
despite certain difficulties in choosing a coating material, in this work, the 
solution to the problem of protecting a part from corrosion using an anode- 
type coating is the best. 

The presence of an anode-type coating does not completely remove 
the question of its porosity as such, and in any case, it is necessary to strive 
to ensure that the number of pores and their sizes are as small as possible, 
since the service life of such a coating largely depends on this. 

In work [78] data of studies of electrochemical behavior of samples 
of carbon steel with different porous galvanic coatings, in particular, with 
coatings based on nickel and chromium, in 0.1-n. NaCl solution depending 
on their thickness, varying from 1 um to 50 um. Common to all coatings is 
a change in the potential of the samples with a change in the thickness 
of the coating from a value close to the value of an uncoated sample to 
a potential close or equal to the potential of the coating material with almost 
complete absence of through pores. The potential of the samples with nickel 
coatings shifted to the region of more positive values in comparison with 
the potential of the uncoated sample, i.e. Nickel plating was run as a typical 
cathode plating at all thicknesses investigated. The time dependence of 
the potential of the coated samples is also noted. For example, for thin (up 
to 10 um) nickel coatings, the potential of the samples became «ennobled» 
with time, while for thicker ones, on the contrary, it was ennobled, which 
indicated, respectively, the acceleration and deceleration of the anodic 
reaction in the pores. The electrochemical behavior of the samples with 
chromium coatings turned out to be more complex. Thus, the potential of 
samples from a freshly deposited coating was more negative than that of 
uncoated samples. The change in its value depending on the thickness of 
the coating was of a non-monotonic nature. The maximum deviation from 
the potential of the uncoated sample was observed at a coating thickness 
of 20 um, then it decreased at a coating thickness of 30 um (approximately 
to the value of the potential at a coating thickness of 10 um) and increased 
again at a coating thickness of 50 um. 

It is possible that this anomalous behavior of the chrome coating is 
associated with internal stress in it and possible flooding. Low-tempera- 
ture annealing of the coated samples in an air atmosphere for 2 hours at 
150-200 °C led to the fact that, as a result of annealing, the potentials of the 
chromium-plated samples became more positive than those of the original 
samples, that is, the chromium coating began to behave like a cathode in 
relation to the protected material. As for the dependence of the deviation 
of the potential of the coated samples on the coating thickness, its general 
nature did not change, except that these deviations were in the positive 
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direction and the maximum deviation was observed at a coating thickness 
of 10 um. In general, the absolute changes in the potential of the coated 
samples were much less than the potential difference between the uncoated 
sample and pure chromium, which, apparently, is associated with the high 
porosity of chromium coatings, which actually took place. The abnormal 
behavior of the potential of the coated samples on the thickness of the coat- 
ing could be caused by cracking of chromium coatings (characterized by 
high brittleness) upon reaching a certain thickness and the accumulation 
of the corresponding level of internal stresses. This led to a sharp increase 
in the number of through defects in the coating against the background of 
the general regularity of a decrease in through porosity with an increase in 
the coating thickness and, accordingly, to a dip in the curve of the poten- 
tial versus coating thickness. This assumption can also explain the shift in 
the maximum deviation of the potential towards a decrease in the coating 
thickness after annealing of the samples, since upon heating, the total stress 
of the coating increases due to the difference in the coefficients of thermal 
expansion of the coating and the base, and the critical stress values causing 
cracking of the coating are achieved at a smaller thickness. 

The change in the ratio of the electrode potentials of the chromium 
coating and carbon steel after annealing of the samples in air can be re- 
lated to the observed tendency for the potential of nickel coatings, as well 
as bonded copper, chromium, and other coatings, to be improved over 
time [78], both with polar and with the accumulation of products corrosion 
in the pores. In this regard, the oxidations of chromium and iron inevitably 
occurring during annealing can be considered as the cause of the change in 
the ratio of the potential of the chromium coating and carbon steel. 

The analysis of the behavior and properties of coatings on carbon steel 
in various electrolytes makes it possible to determine the range of me- 
tals (taking into account their mechanical properties, testing as coatings, 
availability, etc.), which with sufficient probability could be considered as 
the most optimal for solving problems of corrosion protection of parts made 
of black and stainless steel. 

Excluding from consideration of possible coating materials metals 
that have more positive stationary potentials in various electrolytes than 
iron (copper and some others, including, of course, noble metals), as well 
as those that, although they have large negative potentials, do not They 
are distinguished by the most sufficient corrosion resistance in harsh and 
especially harsh operating conditions (beryllium, magnesium, manganese, 
cadmium, zinc, aluminum), there remains a relatively small group of more or 
less widely used metals (alloys), which are more negative than that of iron, 
standard potential 

These materials, apparently, include titanium, zirconium, chromium. 
Of this group of metals, titanium is the most accessible, has good mechani- 
cal properties (with an appropriate level of purity for impurities) and has 
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been sufficiently tested as coatings for various purposes. From zirconium, as 
a metal that is more negative than titanium, one can expect higher protec- 
tive properties as an anode-type coating on the steels under consideration, 
although it is less common than titanium. Chromium is widely used as an 
anticorrosive coating on carbon steels, but it is highly fragile and prone to 
cracking, especially at increased thicknesses. 

More negative than that of iron, the standard potential has a group 
of metals - stainless steel, nickel, molybdenum and some others. The high 
corrosion resistance of this group under conditions of wet corrosion and 
the presence of sufficiently aggressive chemical elements and compounds 
is due to the formation of dense, poorly conductive and stable films or ad- 
sorbed layers in such media, which inhibit oxidation processes. 

Molybdenum has high rigidity, sufficient strength, high resistance 
in particularly aggressive environments. Its use as coatings has been less 
studied in comparison with the aforementioned metals, which can be asso- 
ciated with its lower availability and the need to use modern coating me- 
thods that have been developed only in recent years. 

In [82], a comparison is made of the protective ability of coatings on 
steel 3 from some materials of the above group, namely: stainless steels 
1.4563 and X10CrNiTi18-9, as well as titanium. Coatings with a thickness 
of 6-10 um were applied by the vacuum-plasma method on samples with 
a roughness of Rz=40 and Rz=10 um. Tests of the protective ability of the 
coatings were carried out by immersing the samples in various electro- 
lytes (5 % solutions of sulfuric and orthophosphoric, as well as 10 % nitric 
acid) at room temperature. 

Studies have shown that on samples with coatings made of steels 1.4563 
and X10CrNiTil8-9, an intense dissolution of the substrate was observed 
in all investigated media, while the coatings of steel 1.4563 themselves are 
completely preserved, and coatings from steel X10CrNiTi18-9, are cracked. 
In samples with a titanium coating in a nitric acid solution, rapid local (at 
the pore sites) corrosion of steel was also observed, followed by the propaga- 
tion of a corrosion center under the coating, while the protective film itself 
was completely intact. In solutions of sulfuric and orthophosphoric acids, 
a more uniform corrosion of steel along the pores in the titanium coating 
was observed. Thus, all investigated coatings proved to be cathodic in rela- 
tion to steel 3, and the coating of steel 1.4563 even led to an acceleration of 
the overall corrosion rate of steel 3 (in terms of weight loss) up to 10 times. 
The presence of coatings made of steel X10CrNiTi18-9, practically did not 
change the total corrosion rate of steel 3 based on 72 hours of testing. Tita- 
nium coatings, in spite of the fact that they did not provide suppression of 
corrosion processes in the places of through porosity as a metal with a more 
negative standard potential than iron, nevertheless, on the whole, reduced 
corrosion losses by weight of samples up to 5—10 times in all studied solu- 
tions at test duration up to 144 hours. 
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In [83, 84], studies of the protective ability of a number of coatings (W, 
Mo, Nb, Ta, Cr) on structural steels in media that are mixtures of inorganic 
and organic acids and other chemical compounds were carried out. The 
highest corrosion resistance was shown by tungsten, molybdenum and tan- 
talum coatings. The corrosion resistance of chromium coatings was several 
orders of magnitude lower than the resistance of the above-mentioned three 
metals. This is partly due to the increased porosity of chromium coatings 
in comparison with other coatings; on the whole, their stability correlated 
with the value of the normal electrochemical potential in the studied media. 
Table 5.16 presents some data on their value, obtained in the work [84]. 





O Table 5.16 Electrochemical normal potential of samples from different 
materials 


peel Ura het 07-2 Usha? 2719) Se a7-27 Moe ea oe 
strate/coating out coating coating 


Potential in 
corrosive en- 0.19 0.21 Ont —0.215 0.07 
vironment (v) 


Comparative tests of coatings on samples with different roughness 
and obtained at different angles to the applied flow of the coating material 
confirmed that their protective ability correlates with porosity. The latter 
increases with an increase in the surface roughness and the angle of inclina- 
tion of the sample with respect to the flow of the sprayed material. 

Summing up this consideration, it seems reasonable to use a titanium 
coating as an initial (basic) coating option for testing, not excluding the pos- 
sibility of using the above metals both independently and in combination 
with each other. 

If everything related to the above coatings is considered from the 
standpoint of the choice of the method of their application, then the meth- 
od should ensure the production of fortified coatings with the minimum 
possible number of through pores at the minimum possible thicknesses. 
In this respect, vacuum-plasma and plasma-chemical methods of coating 
are unmatched, providing strong adhesion, practically pore-free coatings 
on suitably prepared surfaces, starting from a thickness of 10-15 um (for 
gas-phase plasma-chemical — from a thickness of ~1 um) and practically 
from all metals, alloys and compounds. Obtaining non-porous coatings 
at the lowest possible thicknesses is not an end in itself or is dictated by 
economic considerations due to their cost, although the latter is also im- 
portant. The thinner the coating, the easier it is to provide a combination of 
sufficient strength and its ability to deform under load without destruction 
and peeling, which is important when working with a coated material under 
conditions of heat changes, dynamic sign-changing loads, etc. 
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An important point, which largely determines not only adhesion, but 
also the protective properties of coatings, is the treatment before coating the 
surface of the protected material. In vacuum-plasma and plasma-chemical 
methods of coating deposition, surface finishing is carried out by exposing 
it to ions with energies from 5—10 eV to several keV. In this case, surface 
cleaning can be carried out both due to the occurrence of plasma-chemical 
reactions with reactive gases that form light compounds with the substrate 
material, and due to the processes of physical sputtering of the substrate 
material at ion energies above the sputtering threshold (> ~20 eV). 

When using the method of vacuum-arc sputtering, which is most 
widely used in mechanical engineering for the application of coatings for 
various purposes, including protective ones, usually the surface treatment 
before coating is carried out with metal ions, from which the coating is then 
formed. This makes it possible not only to ensure effective cleaning of the 
surface from oxidizing films and other contaminants, but (with an appro- 
priate choice of the cleaning mode) to form a transition layer in the surface 
layer to a depth of several to tens of microns with a varying concentration 
of coating metal atoms from 0 to 100 %, yes called a pseudodiffusion layer. 
The presence of such a transition layer allows for a smoother transition from 
the base material to the coating and reduces the stress level at the interface 
between the base and the coating due to differences in the coefficients of 
thermal expansion of the latter. There is one more point concerning the 
possibility of the formation of such a transition layer, which has practically 
not been reflected in studies yet, but, in our opinion, is quite important. 
This fundamental possibility of influencing the electrochemical potential 
of the surface of the material to be protected from the standpoint of proper 
matching of electrochemical potentials at the «coating — protected metal» 
interface, as shown above, is extremely important. 

Considering the latter, when applying titanium coatings, cleaning the 
surface of steel parts «Press nut 457.81.027-1» with titanium ions may turn 
out to be suboptimal for several reasons. Firstly, titanium is more electro- 
negative than iron, in order to increase the electrode potential of its sur- 
face during treatment with titanium ions and, thereby, to make the ratio of 
electrode potentials «protected metal-coating» more favorable. In addition, 
what is much more important, the treated surface of the part contains a large 
number of surface defects, which during ion-plasma treatment will be sour- 
ces of increased gas release, which, due to interaction with titanium, leads 
to the formation of nitrides and oxynitrides in these regions. The sputtering 
rate of these titanium compounds is much less than the sputtering rate of 
pure metal and iron, including, which will complicate the cleaning of local 
surface defects of the part surface and subsequently cause increased defec- 
tiveness of the molded coating. In this regard, the preferable option may be 
the surface treatment of parts with molybdenum ions, since it forms weakly 
bound compounds with nitrogen, and with oxygen — volatile MoO; oxide, 
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i.e. preventing the cleaning of defective areas of the surface of the part. It can 
also be expected that cleaning the surface of carbon steel with molybdenum 
ions in modes that ensure the formation of a pseudodiffusion layer will en- 
hance the electrochemical potential of the part material (molybdenum has 
a more positive standard electrochemical potential than iron) and, thereby, 
create better conditions for the formation of a coating namely the anode type. 

Pretreatment of the surface with metal ions, which differs from the com- 
position of the coating material, undoubtedly complicates the technological 
process of applying a protective coating. Therefore, if we restrict ourselves 
to the task of improving the quality of cleaning the surface of the part and 
preventing the formation of hard-to-spray compounds in the area of surface 
defects, then this can also be achieved by preliminary cleaning the surface 
with ions of an inert gas in a glow discharge, followed by a transition to treat- 
ment with titanium ions and applying a titanium coating. This technique 
insignificantly complicates the technological process and practically has lit- 
tle effect on the productivity and cost of the vacuum-arc coating operation. 


5.1.2.4.1 Technological adaptation of coating conditions 


When applying a coating to specific products, a number of issues are 
resolved, related both to the choice of the design of the tooling for fixing the 
products in the coating chamber, and to the preliminary surface treatment 
and the choice of the modes of the coating process, which together should 
provide the necessary properties of the coating. given parameters of the 
original product (base hardness, uncoated surface areas, etc.). 

Press nut 457.81.027-1 has an oxide coating on the outside, the inner 
surface of the threaded nut is phosphated. The hardness of the nut material 
is 255-302 HB. When applying an additional protective coating, changes in 
the state of the thread surface are not allowed, the stiffness of the steel must 
remain within the above limits. 

For coating, nuts were obtained that went through a full technological 
cycle of manufacturing, including their oxidation and phosphating, as well 
as nuts that did not undergo the last two treatments. Some of the supplied 
nuts were already in use. Accordingly, the initial surface of the nuts to 
be coated was extremely varied: relatively clean, after mechanical opera- 
tions, its manufacture; oxidized without visible friable corrosion products; 
the surface with a significant number of areas with friable corrosion pro- 
ducts on the nuts in use or were not subjected to oxidation, but remained 
in the warehouse for a long time. Common to all nuts was the presence of 
surface cavities, streaks, nicks and other surface defects on the lateral faces 
of the nut that were not machined during their manufacture. This state of 
the surface significantly complicates the application of a protective coating 
and is unacceptable for a number of coating technologies. However, taking 
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into account the desire not to introduce additional operations into the 
existing technological cycle of manufacturing the nut, except, in fact, the 
very operation of coating, so that there are no real additional measures to 
reduce the level of defectiveness of the coated surfaces. This prevented the 
development of «individual» surface preparation of each product before 
coating, depending on its initial state, which could include the operations 
of digestion and ultrasonic washing, treatment in a gas discharge plasma at 
different pressures and different potentials, as well as treatment with ions of 
various metals from vacuum plasma arc discharge. 

To fix the nuts in the coating chamber, a planetary-type tooling was 
made, which made it possible to obtain coatings uniform in thickness on 
specified surfaces, prevent coating on the nut threads and uniform heating 
of the coated surfaces during coating. 

The issue of thermal conditions during preliminary ion-plasma treat- 
ment of a product and subsequent formation of a coating is one of the impor- 
tant points in ion-plasma technologies. In some cases, the permissible heating 
temperature is limited by the properties of the article to be coated, in par- 
ticular, in order to prevent a decrease in the strength of the article material. 
At the same time, properties such as adhesion, coating density, internal 
stress level and a number of other characteristics are highly temperature 
dependent. The implementation of their optimal values requires elevated 
process temperatures or is easier to achieve at them (the requirements for 
the «cleanliness» of the vacuum conditions of the process and the degree 
of preliminary cleaning of the product surface become less stringent, the 
boundaries for the permissible densities and energies of the ionic compo- 
nent in the sprayed substance flow are expanding, etc.). 

In this regard, the modes of preliminary ion-plasma treatment of the 
surface of the nuts and the application of coatings on them were worked 
out, which ensured the production of serfs, without chips and peeling of 
coatings at temperatures not higher than 190—240 °C. This temperature was 
kept within these limits due to the pulse mode of the ion-plasma treatment 
process, limiting the rate of coating deposition and the energy of the ionic 
component in the flow of the sprayed substance. Titanium Ti2 was used as 
a coating material. 


5.1.2.4.2 Obtaining experimental coated parts 


According to the worked out modes, a pilot batch of products with 
coatings was obtained, which differed in the initial state and processing 
before applying the coating. The range of coating thickness was selected 
in the range of 10-20 um and was set by the deposition time based on the 
data on the deposition rate determined on the witness samples in the speci- 
fied modes. Data on prototypes of nuts are given in Table 5.17. 


122 


5 Development of industrial research technologies for Avinit coating 





O Table 5.17 Summary data on the pilot batch of products «Press nut 457.81.027» 
with protective coatings 


Pre-treatment 





2 : i i thick- 
NOME GHonn ultra plas Mo ions alin = 
: sonic magas insat- ionsin Ness, initial state 
sample diges- : : ; 
: wash- dis- uration heating [bm 
tion : 
ing charge mode mode 
10 + + di - aL 18 oxides, ; 
after operation 
11 - 4P qr - aF 18 no oxides 
12 - 4F ar _ F 18 no oxides 
20 + =p fe _ Es 15 oxides, ; 
after operation 
21 + + + = + 15 Bees, 5 
after operation 
aD. ar ap aF _ ar 15 oxides 
30 ale qr qr aP ar 18 oxides 
31 - 4F 4F ar ok 18 no oxides 
3 ar ap ap aP ar 18 no oxides 
AO is de dt a oi 10 oxides, 
after operation 
Al ar ar ar ar ar 10 no oxides 
42 4P 4F 4F ap ar 10 no oxides 


The obtained pilot batch of products with protective coatings was 
submitted for testing in order to obtain data on the protective ability of 
the coatings. 


5.1.2.4.3 Results of accelerated corrosion tests of coated parts 


In order to select the optimal solutions to protect the product «Press 
nut 457.81.027-1» from corrosion under operating conditions with high va- 
lues of humidity and temperature, accelerated corrosion tests of parts were 
carried out. 

Pressure nuts 457.81.027-1 were tested, their steel 1.0511 was made 
and heat-treated for hardness HB 302...255, with an experimental protective 
coating in the amount of 12 pieces. 

Corrosion testing of pressure nuts 457.81.027-1, with an experimental 
coating was carried out in a heat and moisture chamber — thermostat G-4. 
The basis was taken by GOST 9.308-85 (method No. 6), which provides for 
testing metal and non-metallic coatings at elevated values of relative hu- 
midity and air temperature with periodic moisture condensation. 
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Cyclic tests with continuous cycles of 24 hours each. The parts were 
placed in a chamber and kept at a temperature of 50+2°C for 7 hours, then 
the heating was turned off until the end of the cycle. The preset temperature 
in the chamber was maintained automatically, the relative air humidity was 
97+3 %. Every hour of testing at an elevated temperature, a fan was turned 
on for 10 minutes to evenly distribute steam inside the chamber. During the 
tests, the parts were periodically examined to assess their corrosion damage, 
determined as a percentage of the total area of the applied coating. 

The total test time was 500 hours, of which the parts were kept at a tem- 
perature of 5042 °C for 130 hours. After the end of the tests, an assessment 
was made of the degree of corrosion damage to the parts. 

An external review of the test coated parts showed that corrosion oc- 
curred in the main boundary of the hexagon in the form of individual spots, 
while there was no corrosion on the end surface of the nuts. The irregularity of 
corrosion damage to the edges of the lateral surface of the nuts is associated 
with the presence of coating defects such as pores, the appearance of which 
could lead to an unsatisfactory condition of the original surface. According to 
the technical documentation, the boundaries of the hexagon are not processed 
(they remain in the draft version), and the rest of the surface after the manufac- 
ture of the nut should be responsible for the cleanliness of processing Rz 40. 

The presence of coating defects is confirmed by the results of a metallo- 
graphic study carried out selectively on individual nuts (No. 12, 22 and 31). 

To assess the quality of the application of an experimental protective 
coating, the study was carried out on samples cut from nuts in the region of the 
edges and end surface. As a result, it was found that the experimental protec- 
tive coating is intermittent and uneven in thickness on the edges (Fig. 5.13) 
and continuous and uniform on the end surface (Fig. 5.14). 


nut No. 22 





O Fig. 5.13 Appearance of the O Fig. 5.14 Appearance of 
coating on the edges of the nuts the coating on the end surface 
(cross section) (x100) of the nut No. 31 (x100) 


The results of assessing the degree of corrosion damage to parts during 
testing are presented in Table 5.18. The results obtained show that the 
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degree of surface corrosion damage for most parts after 24 and 500 hours of 
testing is practically the same. This may be due to the fact that areas of the 
surface that are not protected by the coating are exposed to corrosion, and 
over time these processes develop very slowly only in these areas. 





O Table 5.18 The area of corrosion damage to parts after accelerated testing 
(% of the total surface of the coating) 


Test time, h 

No. 
24 100 200 330 400 500 
10 0.1 0.1 0.7 0.75 0.75 0.8 
11 Zo 28) 20 221 Pal 2D. 
12 iL) 29 6.0 6.7 10.5 13.5 
20 7.0 7.0 7.4 7A PA 74 
21 iF ee 17.8 17.8 17.8 17.8 
22 0.1 0.1 0.1 ile? Des) 3.4 
30 25) 5) 13.9 14.5 14.5 14.5 
31 8.8 9.4 10.6 ile eee, PP 
32 0 0.1 0.3 OFF 0.7 0.7 
40 4.4 4.4 39 6.2 6.2 6.7 
Al 1.3 Zeit Sho) OT) O18) oh) 
42 43 48.5 49.2 49.2 49.2 49.2 


Pretreatment of parts, including chemical digestion, ultrasonic clean- 
ing, the action of a gas discharge plasma, the application of molybdenum 
ions in saturation mode did not affect the corrosion resistance of the surface 
of the parts. 

Tables 5.19 and 5.20 show data on the dependence of the degree of 
corrosion damage to parts from their initial state and the thickness of the 
applied coating. 

The data show that oxidized parts have a lower degree of corrosion 
damage than non-oxidized ones. So, the average size of the area of corrosion 
damage in the first case is 7.5 %, in the second — 20.5 %. 

The data presented in Table 5.20 show that the dependence of the de- 
gree of corrosion damage of parts on the thickness is not observed. 

It should be noted that previously conducted similar tests of uncoated 
nuts (serial oxidized) showed that corrosion damage to the metal is observed 
after 24 hours of testing. Attempts to protect the surface by applying PF-170 
varnish did not give positive results, during the tests the varnish film was 
swollen and after 72 hours the area of corrosion damage reached 20 % of the 
total area. 
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O Table 5.19 Dependence of corrosion damage on the surface of the nuts 
on the initial state 


Initial state No. Area of corrosion damage, % 
iil PPP? 
2, 133%) 
Unoxidized 31 122) 
Al Sys 
42 49.2 
10 0.8 
20 7.4 
Bil 17.8 
Oxidized DD 3.4 
30 14.5 
32 0.7 
40 6.7 


O Table 5.20 Dependence of corrosion damage on the surface of the nuts on the 
thickness of the coating 


No. Coating thickness, 1m Area of corrosion damage, % 
40 10 6.7 
Al 10 55 
42 10 49.2 
20 15 74 
Dil 15 17.8 
BD 15 3.4 
30 18 14,5 
ot 18 182) 
32, 18 0.7 
10 18 0.8 
11 18 222 
12 18 13.5 


5.1.2.4.4 Study of the effect of titanium coating on the fatigue 
strength of samples 


To assess the effect of a protective anticorrosive titanium coating un- 
der specific conditions of its application and surface pretreatment on the 
fatigue strength of parts, specimens were tested studies of the pressure 
nut 457.81.027. 

Samples of steel 1.0402 were made in quantities of 10 pieces. respec- 
tively uncoated and titanium coated. 
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The tests were carried out on a Briel & Kjaer vibration stand in the 
mode of resonant vibrations in the first bending form. For this purpose, 
sample 1 was installed in a special strain gauge device 2 (Fig. 5.16) and the 
full-scale calibration of strain gauges 3 was carried out according to the 
bending moment acting on the sample. 





O Fig. 5.15 Test sample O Fig. 5.16 Scheme of testing samples 


Then, the device with the tested sample was mounted on the working 
table 4 of the shaker. After launching the test bench, the resonance mode was 
set at the first bending frequency. The value of the required load was selected 
by changing the mass of the load 5 fixed on the cantilever side of the sample. 

Four samples (3 uncoated and 1 — with a coating) were used to select 
the test mode to be determined based on the destruction of uncoated speci- 
mens with an operating time of 0.5...1.0 million cycles. 

The test results of other (test) samples are presented in Table 5.21. 





O Table 5.21 The test results of other (test) samples 


Operating time, Operating time, 
No. of sample thousand cycles No. ofsample thousand cycles 
Samples without coating Samples with coating 
4 762 3 1120 
6 435 5 526 
8 599 i 3764 
1 370 9 1812 
12 664 11 3516 
14 870 13} 3020 
16 1196 15 4547 
f' av., thousand 690 17 551 
cycles 
= - 18 4685 
= _ f' av., thousand 2616 
cycles 
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Oo It follows from the table that 
specimens with an anticorrosive tita- 
nium coating, which have the small- 
est value in terms of the number of 
loading cycles, are within the oper- 
ating time of uncoated specimens. 
At the same time, the value of «f' av., 
thousand cycle» for specimens with 
an anticorrosive titanium coating is 
more than three times higher than 
that for specimens without a coating. 
Thus, the anticorrosive titani- 





O Fig. 5.17 Power nuts with developed 
titanium anticorrosive coatings after 


prolonged corrosion exposure (in um coating of the fatiguing strength 
the center, for comparison, a heavily of specimens made of steel 1.0402, at 
corroded uncoated part) least, does not decrease, but in most 


cases it significantly increases. 

Conclusions. 

1. Experimental protective titanium coating possesses high corrosion 
resistance at elevated temperatures and relative humidity, as evidenced by 
the absence of corrosion damage on the end surface of all tested nuts. 

2. Anticorrosive titanium coating does not reduce the fatigue strength 
of specimens made of steel 1.0402. 

3. The developed titanium protective coating is recommended for im- 
plementation on parts with a surface roughness of not more than Ra 6.3. 


5.2 Coatings to improve the performance of cutting and 
shaping tools 


The problem of a significant increase in the efficiency of forming parts, 
especially precision, aerospace, aggregate construction, engine building, 
power and mechanical engineering and their resource and reliability is be- 
coming increasingly important today, since the resource of aircraft units, for 
example, should be equal to the resource of the airframe, and the resource of 
space units — decades. Plunger assemblies and other critical parts require 
dimensional accuracy of manufacturing no more than 1! um and surfaces 
with high tribological properties. Therefore, the efficiency of forming parts, 
containing the accuracy of the size and shape of the part, surface quality and 
processing productivity, requires a cutting tool (CT) with extremely high 
properties. On the other hand, the requirements to improve the tribological 
properties of the surfaces of parts, in addition to nano-precision, also require 
the creation of a surface layer with unique properties. 

Today there are many methods of strengthening the surface layer of 
cutting tools and machine parts — vacuum arc coatings, ion implantation 
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and ion alloying; electron beam, laser processing (strengthening); CVD 
methods and others, allowing to increase the resource of work of both CT 
and machine parts. All these technologies independently reached saturation 
in terms of the possible obtained physicomechanical characteristics (PMC) 
of materials, but when the conditions for obtaining nanostructures (NS) in 
the surface layer are created, a new impetus arises for their development. 

One of the main drawbacks of existing technologies is the simultaneous 
failure to take into account the entire complex of problems arising in the pro- 
cessing of both CT and machine parts. These problems include unresolved is- 
sues: the most effective conditions for creating emergency situations, adhesion 
interaction of CT materials and coatings with the processed material, adhesion 
between the coating and the base material of CT and machine parts, stress state 
in the contact zone of the coating and the base material, measures to reduce the 
release from the material of CT (and parts) of alloying materials due to diffusion, 
design of the composition of the material of the cutting tool, taking into account 
the possibility of creating an emergency situation both in the surface layer and 
in the volume of the product for each individual composition of the material. 

A significant increase in the PMC of materials is a major challenge for 
modern mechanical engineering. 


5.2.1 The concept and principles of designing parts for aggregate 
and mechanical engineering, their effective shaping by cutting tools 
with nanostructures 


In works [135-150], a wide range of theoretical and experimental stu- 
dies was carried out to develop the concept and principles of creating highly 
efficient high-resource reliable precision parts and cutting tools based on 
obtaining nano-precision, creating nanocoatings, nanostructures and creat- 
ing integrated methods and technological processes. fluxes, PVD, CVD, 
magnetron and femtosecond laser radiation 

The concept for parts and tools is based on the following principles: 

1. The maximum resource of aggregates, parts and tools is impossible 
without the creation of nanostructures and nanocoatings. 

2. The maximum adhesion interaction, and, consequently, the effec- 
tive operation of coatings on parts and CT with coatings will be ensured 
with a maximum difference in the electronegativity of the coating materials 
and the part (tool), which will also provide maximum adhesion, and, con- 
sequently, effective and long-term operation of both tools and parts of the 
units, and the tools themselves. 

3. For blade processing, it is necessary to create coatings that provide 
a minimum adhesive interaction between the tool and the part. 

4. Nano-precision should be observed. Technological criteria should 
be taken as a criterion for the performance of a tool: critical roughness, ac- 
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curacy of size or shape (for example, the maximum permissible taper, barrel 
shape, etc.). So, with an accuracy of manufacturing parts of 1...2 um, the 
roughness of the blade edge should be 200...300 nm. 

5. The criterion for the effective application of the coating will be the 
following condition: the grain size in the coating, as a rule, should be smaller 
than in the base material of the tools. 

6. Diffuse wear associated with the diffusion of alloying elements from 
the material of the tool or part can be reduced through barrier coatings or 
nanostructured layers on the surface. 

7. When choosing multilayer and monolayer coatings, it is necessary 
to take into account the stress state in the zone of transition from one coat- 
ing to another and from the coating to the base material. 

8. The bending strength of the cutting part of the tools, as well as of 
the elements of parts working in bending and fatigue strength, should be 
evaluated taking into account the increase in physical and mechanical cha- 
racteristics due to reinforcement or coating. 

The possibility of surface modification by ion beams, magnetron and 
laser radiation of the femtosecond range by obtaining nanostructures using 
femtosecond laser radiation has been proved, and a method for establishing 
technological parameters has been developed. 

On the basis of the model of ion irradiation, the technological parame- 
ters of ion fluxes are determined, at which stochastic values of thermophy- 
sical and thermomechanical characteristics can be used, if necessary, the 
thermophysical and thermomechanical characteristics can be calculated 
using the quantum-mechanical approach. These parameters are summa- 
rized and given for a wide range of tools from hard alloys, high-speed steels 
and polycrystalline superhard materials, as well as parts from aluminum, 
titanium and magnesium alloys. 

It is shown that during the action of ions on the magnesium alloy and 
hard alloy HS420 with different energies up to 10 %, the stochastic method 
can be used to determine the thermophysical and thermomechanical cha- 
racteristics, and the errors for heavy ions (zirconium and hafnium) will not 
exceed 10"!, under the action of light ions (nitrogen, aluminum, oxygen and 
yttrium), the error will not exceed 20-25 %. The obtained dependences of 
the temperature stresses at the boundary of the NS formation zone and the 
maximum temperature stresses on charge and energy allow for the selection 
of a wide range of ions C, B, N, Al, Ti, V, Cr, Fe, Ni, Co, Y, Zr, Nb, Mo , Hf, 
Ta, W, Pt and technological modes when processing steel. 

For the selected materials, the dependences of the volume of NS grains 
on the heat flux density, the time of action of laser radiation and the size of 
the region of interaction of the heat flux with the material are obtained, and 
technological parameters are provided, at which it is possible to create NS. 

The possibility of significantly increasing the efficiency of shaping 
due to the design of the composition of hard alloys on the basis of the 
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proposed concept and principles of the formation of effective cutting tools 
and high-resource parts has been experimentally proved. It has been proven 
that the most influential factor in preventing abrasive wear or reducing it is 
obtaining a grain size of 10...40 nm in the coating or base CT material. 

The dependences of the PMC of the X-ray materials and parts on the 
grain size have been obtained experimentally. For turning and milling, the 
dependence of the efficiency of shaping, stability of CT and processing pro- 
ductivity on the grain size is obtained. 

When using femtosecond laser radiation to obtain nanostructures, the 
following principles should be adhered to: 

1. It is necessary to achieve the minimum spot size of the laser radia- 
tion action on the processed material. This leads to obtaining a regime with 
the lowest possible energy consumption, and at a high frequency of laser 
operation, the processing performance can be quite high. 

2. It is possible to choose technological modes when, due to operation 
in the main temperature range (1500...500 K) and at rates of temperature rise 
of more than 107 K/s, modes with lower energy consumption are realized. 

Based on the implementation of the concept and principles of creating 
high-resource parts and ensuring their effective shaping of tools and parts 
with nanostructures and nanocoatings, a complex of effective ion and laser 
integrated technologies has been created. 

This makes it possible, from a scientific standpoint, to select technolo- 
gical modes of plasma-ion and femtosecond laser systems for obtaining nano- 
structures. The obtained ratios of the components of the alloys can realize 
the grain size, which provides the maximum possible efficiency of tool shap- 
ing and a high resource of parts for aggregate and mechanical engineering. 

It has been proven that modified HG40 hard alloys provide a larger 
volume of material removed during the RI stability period (when milling 
the HG40 titanium alloy at a cutter speed n=300 rpm, the material volume 
is removed for the CT stability period 87-104 mm?, 2 times more than at 
traditional processing), while productivity is increased. 

The conditions for the combination of layers in coatings have been 
determined, which provide insignificant differences in temperature stresses 
during the transition from coating to coating and from coating to the main 
material of the CT or part (no more than 30 %), which makes it possible to 
reduce its delamination. 

When assessing the adhesive interaction of the materials under 
study (according to the difference in electronegativity (DEN), it was deter- 
mined that the material of the CT and coatings with the processed material 
have low adhesion at a large DEN and a large one at a small DEN). 

The obtained dependences of the roughness on the feed and cutting 
speed make it possible, according to the required roughness, to select cut- 
ting modes for the CT with and without coating and provide minimum power 
consumption. 
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For a wide range of difficult-to-machine alloys and hardened steels, the 
dependence of the EF(G) of the part on the grain size and wear along the flank 
surface of the CT hz was investigated, which makes it possible to predict the re- 
source of the CT when machining with hard alloys (HG40, HS123, HS420, etc.) 
with one- and two-layer coated. It is proved that a two-layer coating has low 
adhesion of Al,O3 to titanium alloy BT22( Mo 4-5.5 %, V 4-5.5 %, Al 4.4-5.7 % 
Cr 0.5-1.5 %) and is an order of magnitude higher than the efficiency of shaping. 

For turning and milling, the dependence of the shaping efficiency, tool 
stability and processing productivity on the grain size is obtained. It has been 
proven that the most influential factor in preventing abrasive wear or reducing 
itis obtaining a grain size of 10...40 nm in the coating or base material of the CT. 
A combination of coating layers has been invented, for which the operating con- 
ditions are most favorable in dynamic and stationary modes, as well as in mixed 
operating conditions of tools in the zone of transition from one coating to ano- 
ther and during the transition from the coating to its base material (the principle 
of tool design). The technological parameters of processing are found, at which 
the maximum value of the volume of the removed material is realized during the 
period of stability. This allows this value to be used for efficient machining of 
BT22 titanium alloy with the first modified HG40 alloy. At the same time, for the 
second modified HG40 alloy at 300 rpm (4.7 m/min), it is possible to increase 
the volume of removed material during the stability period up to 8.7-104 mm?. 
The studies carried out make it possible to predict the volume of steels and cast 
iron removed during the period of stability, the CT stability and the processing 
efficiency depending on the grain size in the coating. It is important to select 
the finish and coating mode for CT. It is proved that when processing cast 
iron, an important characteristic is the adhesive interaction of the coating with 
the material being processed, which ensures the value of the volume of the 
removed material during the stability period of the order of (1.3...1.8)-107 mm’, 
In this case, the maximum durability of 19...14 thousand s is realized. 

The efficiency of shaping and the performance of hard alloys with coat- 
ings in the treatment of hardened steels is determined by the grain size in 
the coating, and a smaller grain size usually (but not always) corresponds to 
a more efficient shaping and its performance. A decrease in microhardness 
with an increase in grain size was obtained for HG40, Sandvik Coromant, 
HS420 coated with 0.2Hf{N+0.8ZrN. Microhardness of Sandvik Coromant 
with a two-layer coating AljgO3+ (0.2Hf{N+0.8ZrN) changes slightly with 
grain growth. Experimental studies prove the possibility of obtaining nano- 
structures in a 0.2H{N+0.8ZrN coating. The possibility of predicting the 
grain size taking into account its increase depending on the temperature 
during cleaning and coating is shown. Comparison of the results of the theo- 
retical calculation and experiment is in good agreement, the deviation is from 
16 % to 29 %, from which it can be concluded that the theoretical model makes 
it possible to obtain this grain size by applying a coating of considerable 
thickness (10 um). This can improve the efficiency of tool shaping. 
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It is experimentally shown that the creation of nanostructures on tools 
increases the efficiency of shaping by 2.7-3.5 times, with a submicrostructure 
grain, the efficiency increases only 1.8 times. It is shown that it is possible 
to predict and sustain a coated plate under specified cutting conditions 
without a full-scale experiment for hardened steels 66Mn4 and 41Cr4, as 
well as heavy-work steel 16Cr3NiVWMONb. Under heavily loaded cutting 
modes (t=1 mm, S=0.5 mm/rev, V=30 m/min), thermal spalling or elastic 
spalling of the cutting blade is realized, which does not allow using these 
modes for processing steel 16Cr3NiVWMONb. Dependences for roughness 
Ra and Rz are obtained depending on feed and cutting speed. To obtain the 
required roughness, it is necessary to select the cutting modes that provide it, 
as well as to obtain the roughness according to the designated cutting modes. 

The life tests of aviation hydraulic units showed that for the EN AW-AI 
high-temperature alloy under conditions of extreme lubrication, the ser- 
viceability increases by 20-30 times, and the wear decreases by 4-5 times. 
This made it possible to increase the resource of parts to the level of the 
requirements of modern world needs. 


5.2.2 Improving the characteristics of cutting and shaping tools 


5.2.2.1 Wear-resistant reinforcing coatings to enhance cutting 
tool performance 


On the basis of the developed concept of creating high-life parts, 
a wide range of coatings and nanocoatings Avinit-TiC-TiN, Cu-MoS,) with 
high tribological properties due to a low coefficient of friction and high mi- 
crohardness has been theoretically justified and practically obtained. 

Ion-plasma coatings with wear-resistant properties, obtained by vacu- 
um-arc deposition, are widely used in mechanical engineering, aircraft con- 
struction, metallurgy and other sectors of the national economy when creat- 
ing structures with protective, strengthening, wear-resistant, erosion-resistant 
coatings, in particular, to increase the stability of cutting, punching tool. 

Known multicomponent wear-resistant coatings and methods of their 
application to a metal substrate, in particular, coating Ti-N, Zr-N, Cr-N, 
Ti-CN, Ti-Al-N, Ti-Cr-N, Ti-Zr-N, Ti-Al-VN, Cr-Al-N, obtained by vacuum 
arc deposition or magnetron sputtering. 

There is a known method of vacuum ion-plasma coating on a sub- 
strate [151] in an inert gas environment, including creating an electrical 
potential difference between the substrate and the cathode and cleaning 
the substrate surface with an ion flow, reducing the potential difference and 
applying the coating by subsequent annealing the coating by increasing 
the potential difference to the substrate to 1250-1500 V. When cleaning the 
surface of the substrate, the ion flow and the flow of the evaporated material 
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going from the cathode to the substrate are screened, cleaning is carried 
out with ions of an inert gas, after cleaning the screens are removed and 
the coating is applied, followed by annealing repeatedly to the required 
thickness. In this case, the substrate is made of a highly alloyed nickel-based 
alloy, and nickel is used as the cathode material, along with preliminary 
cleaning and activation of the substrate surface with ions of an inert gas, 
increases the adhesion strength of the coating to the substrate. 

Known wear-resistant ion-plasma coating based on chromium nitride, 
applied to a metal product [152] containing vanadium in the nitride (Cr-V) N 
with the following ratio of chromium and vanadium at %: Cr 28-50, V 50-72. 

The coating can be used to increase the wear resistance of cutting and 
technological tools having a relative wear resistance of 1—3.08, which varies 
depending on the composition. 

A known method of forming a wear-resistant coating on the surface of 
structural steel products [153], including ion-plasma nitriding in a reactive 
gas-nitrogen medium, cleaning the surface of the part and applying titanium 
nitride from the plasma phase. In the known method of nitriding, surface clean- 
ing and the application of titanium nitride is carried out in one vacuum cham- 
ber in the plasma of an arc and gas discharge with a strained cathode ina single 
cycle, forming a three-layer structure on the surface of the parts. In this case, 
nitriding is carried out using a gas-discharge plasma generator with a strained 
cathode at a reactive gas pressure of 5-10°—2-10 mm Hg, a negative bias 
voltage on the parts of 300 — 1000 V and an ion current density of 2-8 mA/cm? 
for 30-90 minutes, cleaning is carried out in the plasma of an inert gas — argon 
at a pressure of 3-:10-*—7-10~ mm Hg. and a current density of 3-5 mA/cm?, 
also created by a gas-discharge plasma generator, and titanium nitride is 
applied at a rate of 2 um/h for 60-90 min with a negative bias voltage on 
the part of 300-600 V and simultaneous operation of the gas-discharge plas- 
ma generator and an evaporator that promotes a more complete course of 
reactions of synthesis of titanium nitride on the surface of the product. The 
formation of a three-layer structure, including the first dispersion-hardened 
nitrided sublayer of the steel base, the second sublayer of solid iron nitride 
and the third layer (coating) of titanium nitride, provides a smoother transition 
of hardness from the base to the coating, is crystallographically similar to the 
second sublayer and is applied. and, ultimately, greater adhesion of the coat- 
ing to the article and the operability of the entire article-coating composition. 

It is also known a wear-resistant ion-plasma coating based on a com- 
plex nitride of titanium, aluminum and chromium (TixAlyCrz) N, applied 
to a metal or ceramic product [154], in which the chromium (z) content 
depends on the aluminum and titanium content and ranges from 1 up to 1/7 
to 1/5 (xy), while 0.05<xsy, x/y<1. 

The coating described above has increased wear resistance. 

The known method of combined vacuum ion-plasma treatment of the 
tool [155]. The method includes processing an article in a gas-discharge 
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plasma containing argon and hydrogen ions, carrying out its diffusion satu- 
ration and applying a wear-resistant coating, and the processing of the ar- 
ticle and diffuse saturation are carried out simultaneously in a gas-discharge 
plasma, additionally containing carbon or carbon and nitrogen ions. 

The use of a gas-discharge plasma, additionally containing carbon or 
carbon and nitrogen ions, makes it possible to form dispersed carbides or 
carbonitrides in the surface layer of the product in the case of diffuse satu- 
ration and, thus, to increase its hardness. Additional bombardment by ions 
of an inert gas (argon) contained in the gas-discharge plasma created by 
a plasma generator with a heated emitter increases the diffusion rate and, 
therefore, increases the thickness of the hardened surface layer. 

Known is a multilayer coating containing titanium nitride layers [156], 
in which titanium nitride is located on a nitrided layer obtained in the usual 
way and alternates with AICrN layers 10 to 100 nm thick with a total thick- 
ness of 19 um. 

Such a coating provides high rigidity of the coatings and their good 
adhesion to the substrate to be coated, which makes it possible to increase 
the wear resistance of the cutting tool. 

The work [157] presents the technologies and equipment developed by 
STC «Nanotechnology» for the deposition of multicomponent (monolayer, 
multilayer, nanostructured, gradient) Avinit coatings. A series of VPN coat- 
ings has been developed for the problems of strengthening cutting tools. 

The main characteristics of coatings, conditions of application of cut- 
ting tools with VPN-coatings are presented. Comparative production tests 
confirm the high performance of VPN-coated cutting tools. 

The control of the main technological parameters of the processes of 
applying such coatings and the registration of parameters is carried out 
using a special automated system. 

The coatings have a nanolayer structure and can consist of layers S—10 nm 
thick based on aluminum, titanium, chromium, zirconium, molybdenum and 
their compounds with nitrogen, carbon, oxygen in various combinations. 

Key features of VPN coatings: 

= microhardness, MPa — 25000-45000; 

=™ coating thickness, um — 1-5; 

= oxidation temperature, T,°C — up to 900; 

® coefficient of friction — 0.3—0.64; 

= high adhesion of the coating to the substrate; 

= preservation of the original surface roughness; 

= low-temperature coating processes (T < 200 °C). 

Each type of coating has a specific composition and structure that de- 
termine the properties of the coating and its purpose. 

Recommended conditions for the use of cutting tools with VPN coat- 
ings of different types, developed by the Scientific and Technical Cen- 
ter «Nanotechnology», are given in Table 5.22. 
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Comparative production tests of cutting tools with VPN coatings in an 
industrial environment have been conducted. 


5.2.2.1.1 Application of coatings on the tool 
of Motor Sich JSC (Zaporizhzhia) 


Work was carried out to apply Avinit nanocomposite ion-plasma hard- 
ening coatings on cutters manufactured by FRAISA (Switzerland), which are 
used at Motor Sich JSC for processing (high-speed milling) of molds made 
of tool steel such as tury 150Cr14, X165CrMoV12, SSNiCrMoV6, with hard- 
ness in the range of HRC 50-60. 

The material of the cutters is super fine-grained carbide. 


O Table 5.23 Output cutters parameters 


Designa- ©,mm R Modes of cutting for finishing 
No. tion ofa sees mm Rotations Feeding Depth of cut- 
mill g (rpm) (mm/min) ting (ap, mm) 
ill 1.962 
129) 528071405) 5959 Da 1 42000 1680 0.05 
13 1.965 
pal 3.96 
2.2  5280.220 3.968 4 D 42000 4200 0.1 
aS 3.97 
Sil 5.968 
3:2 5280.300 5.964 6 3 42000 5040 O72 
33 5.967 
O Table 5.24 Coating parameters of cutters 
Peausien No. Composition Color Time, ty, min 
of a mill 
‘Lil Avinit-1 Brown with a 45 
; Ti-Al-N violet shade 
5280.140 12 7 = 
: ' rown with a 
133 ara violet shade a 
Dil 
Avinit-2 Dark gray with a 
BD 
o280220 Al-Ti-N blue shade ice 
73) 
a pie Brown with a 
5280.300 8) Ti-Al-N with partial DS 


3.3 separation on Ti and Al welch aude 
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The tests were carried out on milling cutters manufactured by 
the «FRAISA» company, obtained in a set with the HSM-600 machine. 
In the initial state, the cutters were not coated. Nanocomposite ion-plasma 
coatings Avinit were applied by the STC «Nanotechnology» enterprise, 
Kharkiv, according to the developed technologies. 

The tests were carried out by comparing the magnitude of wear on the 
effective diameter of coated and uncoated cutters operating under the same 
conditions on a workpiece made of 45 steel with a hardness of 45 HRC. 

The amount of wear of the cutting edge H was determined using a mi- 
croscope at a magnification of 30 times. 

The test results of the «FRAISA» cutter are shown in Table 5.25. 


O Table 5.25 Test results of cutters «FRAISA» with nanocomposite ion-plasma 
Avinit coatings 


Cutting modes 


Cutter : Operat- 
designa- Coating Rotation Reed Cutting ing time, Whe 
ion cam | @eavonm) depth a, ae rate 
(mm) 
5280.140 Avinit-1 TLAIN 42000 1680 0.04 o3) 0.04 
O2R1 Uncoated 42000 1680 0.04 53) 0.12 
5280.220  Avinit-2 TiAIN 42000 4200 0.05 21 0.03 
O4R2 Uncoated 42000 4200 0.05 21 0.08-0.1 
5280.300 Avinit-1n TiAIN 42000 5880 0.12 30 0.05 
6 R3 Uncoated 42000 5880 0.12 3 |OlSO2 


Comparative tests of carbide cutting tools in production conditions 
showed that at the same modes of high-speed milling, the wear of cutters 
coated with Avinit nanocomposite coatings is 2.6—4 times less than that of 
those not coated. 


5.2.2.1.2 Application of coatings on the tool of SE Zoria- 
Mashproekt (Mykolaiv) 


At the SE Zoria-Mashproekt, Mykolaiv, production tests of spherocy- 
lindrical cutters R15, reinforced according to the technology of STC «Nano- 
technology», were carried out. 

The coatings were applied to serially used cutters 9336—1239030 mm; 
R15 mm; Z=6; material — 1.3243 (HRC66). 

Test conditions: 

1. Operation — milling the blade profile. 

2. Equipment — machining center mod. 2204BM104. 

3. Workpiece to be processed — straightener blade B90010160. 
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4, Material — EI1479 (15X16H2AMIL). 

5. Rake angle — y=10°; back angle — a=12°. 

6. Cutting modes: number of revolutions — n=200 rpm; feed — 
S=250 mm/min; processing depth — t=2...3 mm; cooling — oil coolant 
«Asfol-2». 





O Table 5.26 Test results of coated spherocylindrical cutters 


Mill Stability 
Strengthened STC «Nanotechnology» 5...6 changes (about 45 hours) 
Serially applied (not strengthened) 3 changes (about 24 hours) 


As shown by the test results, 
the strengthening of serial tools 
such as spherocylindrical cut- 
ters 9336-1239 using the technolo- 
gy of the Nanotechnology Scienti- 
fic and Technical Center (Kharkiv) 
provides an increase in tool life 
by 1.5...1.8 times with an increase 
in the quality of the processed 
surface. O Fig. 5.18 Avinit coated cutters 





5.2.2.1.3 Application of coatings on the tool of Illich Steel 
and Iron Works (Mariupol) 


Avinit multilayer coatings have been applied to HG20 carbide inserts 
to determine improved tool performance in difficult conditions when ma- 
chining welded pipe ends. 

The plates were made at the V. Bakul Institute for Superhard Mate- 
rials (Kyiv) in two modes: 

= mode 1 — sintered in vacuum; 

=" mode 2 — sintered in vacuum and thermocompression treated (TCT) 

under argon pressure of 3.0 MPa. 

On a part of the plates, multilayer protective coatings were applied 
from the Scientific and Technical Center «Nanotechnology», Kharkiv. 

Comparative industrial tests were carried out at the Illich Steel and 
Iron Works in the pipe-welding shop when processing the ends of welded 
pipes (D, 25-75 mm) made of steel USt 37-2 kn, where Russian-made un- 
coated HS123alloy plates are used for this operation. 

Cutting conditions: processing the end of the welded pipe. 

Cutting speed V=20—25 m/min; cutting depth {=3 mm. 

The results are shown in the Table 5.27. 
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O Table 5.27 Test results for coated carbide inserts 


No. Type and brand of alloy ee 
1 HG20, vacuum sintered 170+180 
2  HG20, vacuum sintered with coating Avinit 350+360 
3  HG20, vacuum sintered plus thermocompression hardened 210+220 
4  HS123 uncoated 350+370 
5 Plates of the bucket company «Bucket» with coating Avinit 620+630 


As shown by the results of industrial tests, when processing the ends 
of welded pipes (O=25-75 mm) from steel CT3KP in the conditions of pro- 
duction tests of cutting inserts made of HG20 alloy with Avinit multilayer 
coatings, cutting stability increases 2.6—3 times. 

Production tests of cutting tools with VPN-coatings, applied using 
nanotechnologies, developed by the Scientific and Technical Center «Nan- 
otechnology», have shown their high efficiency. 


Oo 











O Fig. 5.19 Taps with Avinit coatings (State Scientific and Production 
Enterprise «Kommunar Association» (Kharkiv)) 














O Fig. 5.20 Cutting tool with 
Avinit coatings («Plant named after Shevchenko», Kharkiv) 
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Uitte 





O Fig. 5.21 Cutting tool with developed Avinit coatings 


The use of Avinit hardening nanocoatings in batch production condi- 
tions increases the wear resistance of the cutting tool by 3-5 times. 

STC has a positive experience in applying multicomponent coat- 
ings not only to the manufactured cutting tool, but also to the tool after 
regrinding, in particular. application of hardening coatings on reground 
standard all-metal carbide cutting tools of domestic and foreign manufactu- 
rers (FRAISA, HANITA, PLATIT, CARLOY, BALZERS, etc.). It is important 
to note that when applying VPN coatings, the radius of rounding of the 
cutting edge remains practically unchanged. 


5.2.2.1.4 Reinforced tool for high resource cutting of wood 
and wood-based materials 


Application of wear-resistant coatings on cutting tools is one of the 
most effective ways to dramatically increase the resource of tools for high- 
resource processing of cutting wood and wood materials and compliance 
with international standards. 

Increased performance of the tool and improved quality of material 
processing are ensured by strengthening two-sided processing of the tool by 
applying wear-resistant coatings, which lead to an increase in the hardness 
of the tool surface, a decrease in friction forces in the contact between the 
tool and the processed material, and the absence of chip adhesion due to the 
antifriction and dielectric properties of the coating. 
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Reinforcing coatings were applied to a batch of 130x30x3 HSS 18 % W 
planing knives for wood processing for ENO-Mebli Ltd., Mukachevo, Za- 
karpattia. (Fig. 5.22) 


Oo 





O Fig. 5.22 Tool with Avinit coatings 


Production tests have shown the high efficiency of the developed 
strengthening technologies: the wear resistance of the tool increases by 
4-5 times, the power consumption for processing is reduced by more than 
30 %, and the quality of material processing is increased. 


5.2.2.1.5 Removable scalpel blades with protective 
and reinforcing coatings 


Nanocomposite protective and reinforcing coatings on removable scal- 
pel blades reduce the wear rate of the cutting edge by several times, increase 
the corrosion resistance of medical instruments and make it possible to use 
not only chromium stainless steel, but also «black» low-alloy steels for making 
blades. The cutting properties of coated scalpel blades, in contrast to uncoa- 
ted blades, can be repeatedly restored without regrinding by simple dressing. 

Tests of coated black steel blades have shown that in terms of corrosion 
resistance in sterilization and sterilization environments, they are not inferi- 
or and even exceed the resistance of stainless steel blades. 

At the Institute of Orthopedics and Traumatology, Kharkiv, clinical 
and biochemical blood tests, microscopic examinations and assessment of 
the wound edges of damaged tissues of white rats of the Visteu line, opera- 
ted with scalpels from steel 1.3542, 66Mn4 and 60MnSiCr4 with coatings 
and 60MnSiCr4 with coatings, were carried out. As a comparison, we used 
the results of similar studies obtained on animals operated with scalpel 
blades made of 1.3542 steel without coatings. 

The test data indicate the absence of changes in the analyzes associa- 
ted with the interaction of the coating material with the living tissues of the 
animal body during the operation. 
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Scalpel blades made of steel Oo 
1.3542 and low-alloy steel 66Mn4 
and 60MnSiCr4 with coatings and 
60MnSiCr4 with coatings are recom- 
mended for use in medicine. 

The developed technology of 
applying protective and strengthen- 
ing coatings on removable scalpel 
blades belongs to low-waste envi- 
ronmentally friendly technological 
processes. 

It can serve as a basic technolo- 
gy for its refinement for other types 1 Fig. 5.23 Removable scalpel blades 
of medical instruments. with Avinit coatings 





5.2.2.2 Wear-resistant reinforcing coatings to enhance 
the performance of the shaping tool 


In mechanical engineering and a number of other industries, the method 
of deformation processing of sheet materials is widely used. Modern materials 
processing technologies require high-performance equipment and the use of 
appropriate tools. In the field of sheet materials processing, such equipment is 
offered by a number of well-known foreign machine-tool companies, such as 
AMADA, BEHRENS, EUROMAC, SALVAGNINI, TRUMPH, FINN-POWER. 
Buying such equipment (punching, punching, perforating, punching), do- 
mestic enterprises, after the end of the tool life, with which the manufacturing 
firms equip the above-mentioned machines, as a rule, use a tool, which in most 
cases is non-standard, produced by their own tool sections of production or 
other enterprises. for individual orders due to the high cost of imported tools. 
However, the resource of the tool produced, as practice shows, is significantly 
inferior to the imported tool. As a result, the productivity of the equipment 
decreases due to the loss of time for reinstalling the tool, the likelihood 
of obtaining a marriage due to premature failure of the tool increases. 

In the metalworking tool market, punching press and die tools occupy 
a relatively small sector. And if, in the case of a metal-cutting tool, enter- 
prises have the opportunity to choose tools from various manufacturers, 
both domestic and foreign, with a wide range of characteristics and, there- 
by, solve, if necessary, the problem of improving the quality and resource 
of the tool used, then solving such a problem with regard to the press tool, 
enterprises are often left alone with this problem. Industrial use of tools with 
hardening coatings can help solve this problem. 

The work [158] considers the issues of increasing the service life of 
punching and stamping tools produced at domestic enterprises. The results 
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of the industrial use of tools with reinforcing coatings developed by the 
Scientific and Technical Center « Nanotechnology» are presented. Coatings 
provide the highest efficiency of hardened punching tools, significantly in- 
creasing the tool life and the quality of the processed materials. 

Tool steels for punching tools for punching difficult-to-cut materials are 
subject to high impact loads. They must have such properties as sufficient 
strength, increased toughness and fatigue strength, good heat resistance, 
high hardness (45-65 HRC), which together determine the tool's performance. 

For punching dies in domestic practice, wear-resistant steels 1.2060, 
SKD11, X155CrVMo12-1 are usually used, the properties of which do not 
fully meet modern requirements for a stamping tool. 

The solution to the problem of increasing the efficiency and service life 
of punching and press-stamping tools, as well as for cutting metalworking 
tools, is possible by applying reinforcing wear-resistant coatings, chemical- 
thermal and other types of processing of working surfaces. It is the presence 
of the coating that largely determines the increased durability of the impor- 
ted press-stamping tool. 

Strict requirements are imposed on the properties of coatings for 
stamping tools, especially those subjected to shock loads. 

Naturally, such coatings, having high hardness and wear resistance, 
should not be brittle and sufficiently crack-resistant, have high adhesion to 
the tool material, sufficient impact toughness, heat resistance, oxidation resis- 
tance, low adhesion activity (adhesion) and reduced to the processed material. 

Coating or other surface treatments must not compromise the strength 
of the tool material. One of the most essential requirements for the tech- 
nology is the ability to obtain high-quality functional coatings with good 
adhesion to the substrate at temperatures not exceeding 200—250 °C. These 
temperatures correspond to the tempering temperatures of steels commonly 
used in heat treatment of punching and stamping tools. 

Among the wide variety of methods, vacuum-plasma and plasma-che- 
mical methods of coating deposition satisfy this complex of requirements to 
the greatest extent. 

The developed [159] low-temperature (T<200 °C) processes of apply- 
ing reinforcing coatings, which do not lead to a decrease in the hardness of 
the base, provide coatings with a microhardness 3—6 times higher than the 
microhardness of tool steels in the hardened state, have good adhesion to 
the base at the level of metal strength, make it possible to form multicom- 
ponent coatings of various compositions with an optimal combination of 
properties in relation to the material being processed and the material of 
the tool. This preserves and can even increase the strength of the tool by 
increasing the fatigue strength of the coating. 

These coatings provide a high efficiency of the use of hardened punch- 
ing tools due to a significant increase in its service life and the quality of 
machined parts. 
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Production experience shows that when stamping parts made of steels 
of increased rigidity, punches are the weakest working elements of punch- 
ing dies. Fractographic studies of the structure of fractures of the cutting 
edge of punches and the conditions of their operation have established 
that the fracture is of a fatigued nature. The emergence and propagation 
of fatigue cracks is due to repeated-replaceable loads acting on the work- 
ing surface of the punch when it is introduced into the stamped material. 
Applying a properly selected coating to the working surface of the tool not 
only reduces the amount of repeated loads during its operation due to the 
lower coefficient of friction and lack of adhesion to the workpiece, but also 
increases the overall tedious strength of the base material. 

Mechanical fatigue strength tests of coated and uncoated steel 
specimens showed that coated and uncoated specimens in terms of the 
number of loading cycles several times exceed the operating time of 
uncoated specimens, which corresponds to an increase in fatigue strength 
by about 15-25 %. 

The service life of the press-stamping, punching tool and the qual- 
ity of the processed materials largely depend on the cleanliness of the 
working surfaces of the punches and dies. This is even more true for 
coated tools. 

When applying reinforcing coatings on press-stamp and punching 
tools, maintaining the required roughness of the working surfaces and 
sharpness of the working edges is another of the serious requirements for 
the technology. 

Therefore, when applying coatings to a punching tool, a preliminary 
thorough preparation of its surface must be carried out, namely: 

= traces of scale were removed after heat treatment; 

=" working surfaces should not have corrosion damage, deep scratches, 

cavities, cracks, metal rubbing; 

= working edges should not have nicks, chips, burrs and burns; 

= the tool must be sharpened, and the working surfaces brought to 

a roughness Ra 0.32...0.16 (9...10 class); 

= geometric dimensions, rigidity must correspond to the design docu- 

mentation. 

Compliance with the requirements for the manufacture of tools and 
coating technology, as experience shows, makes it possible to produce 
press-stamping and punching tools with characteristics that are comparable 
and often even higher than those of imported tools. 

The work [160] describes the wear-resistant multi-component harden- 
ing coatings developed by STC «Nanotechnology» to improve the charac- 
teristics of the cutting tool. 

Taking into account the specifics of the work of press-stamping and 
punching tools subjected to shock loads, Avinit VPNM and VPNM-f se- 
ries reinforcing coatings have been developed [159]. Technologies have 
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been developed for low-temperature (<200 °C) deposition of high-hard 
wear-resistant coatings in modes that provide good adhesion to substrate 
materials without reducing the strength of steel and without deteriorating 
the purity class of the original surface. allow applying reinforcing coatings 
on a wide class of tool steels used for the manufacture of punching and 
stamping tools, including tool carbon steels with low heat resistance, such 
as 1.1645, 1.1654. 

The main characteristics of the coatings: 

1. Coatings are applied using nanotechnology. 

2. Coating thickness 3-5 um. 

3. Microhardness 20,000—35,000 MPa (depending on the composition 
of the coating). 

4, Maintaining the surface cleanliness class. 

5. Excellent adhesion to the substrate (suitable undercoats and ion- 
plasma pre-cleaning of the surface). 

6. Coatings are practically non-porous. 





O Table 5.28 Types of coatings 


Properties 
yee a Structure Foreign analogues 
coating Hy, kg/mm? Friction coef. 
VENA || Saatlaver coating” |°7-Coat (HANITA) 2500 0.4-0.5 
based on Ti-N 
VPNs || “lululaver coatings | icrena (BAUZERS)| | 2500-3500! 03-04 


based on Al-Cr-N 











O Fig. 5.24 Reinforcing and anti-friction coating on dies and punching tools 


To determine the effectiveness of the developed nanocomposite coat- 
ings to increase the service life of tools and the quality of the processed 
materials, tests were carried out in production conditions of tools of various 
nomenclature and for equipment with developed coatings at a number of 
domestic enterprises. 
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5.2.2.2.1 Testing of the hardened die tool produced 
by the State Scientific and Production Enterprise «Kommunar 
Association», Kharkiv 


A batch of punching die tools with coatings was made and compar- 
ative production tests of the hardened die tools produced by the State 
Scientific and Production Enterprise «Kommunar Association», Kharkiv, 
were carried out. 

Comparative production tests in industrial production conditions of 
the State Scientific and Production Enterprise «Kommunar» Association in 
Kharkiv were carried out on dies of @12 mm, which are used for the most 
loaded and hard modes of vibration punching on punching presses with 
CNC «Behrens». 

The tests were carried out by comparing the resistance (number of 
impacts) and the amount of wear on the effective diameter of coated and 
uncoated dies operating under the same conditions on workpieces of St 37-2 
with a thickness of 3mm and 1 mm. 

The test results are shown in the Table 5.29. 





O Table 5.29 Test results of coated punching tools 








Steines: Thickness of Num- Number Wear Coef. 
eae Coating the processed berof of blows, rate, strength- 
ignation : : 

material blows mm mm/blow — ening 
a7 
Punches VPNM 161805 0.02 1.24-10 a 
12mm Uncoated 46230 0.11 —-2.38-10°8 
1mm 
= 
iMEniabs VPNM 161805 0.004 2.47-10 
12,07 a 
eu Wincoated 46230 0.05 1-1-1058 
oe 
Punches VPNM 62030 0.03 4.8-10 ie 
12mm Uncoated 26140 0.15 ~—5.7-10°8 
3mm = 
iM Enis VPNM 62030 0.04 6.4-10- 
12,45 mm .) 
' Uncoated 26140 0.08 3.0:10°° 





Thus, the results of comparative tests in industrial production on dies 
with © 12 mm, used for the most loaded and severe vibration cuts on work- 
pieces St 37-2 thickness of 3 mm and 1 mm on a punch press with CNC 
«Behrens», showed that under the same conditions and operating modes, 
the stability of dies with nanocomposite coatings is much higher than 
without a coating (reinforcement coefficient from 5 to 40 times), while the 
quality of processed materials. 
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O Fig. 5.25 Punching tools with hardening nanocoating (for the «Behrens» 
sheet-working press) 


oO 

















O Fig. 5.26 Punching tools for punching press with CNC «Behrens» 


5.2.2.2.2 Production tests of the hardened punching tool 
for the Trumatik 200R sheet-processing press «Plant named 
after Shevchenko», Kharkiv 


The conducted industrial comparative tests of the punching tool for 
processing sheets of the «Trumatik 200R» press showed that when pro- 
cessing sheet material from stainless and black steel with a thickness of 
0.5 to 3 mm, unreinforced dies 5x40 mm and @12 mm were made from 
steel 1.2060 before regrinding thousand strokes. The dies with VPNM hard- 
ening coating, when processing the same sheet materials, worked 120 thou- 
sand strokes before regrinding. After regrinding, the dies with a hardening 
coating worked 100 thousand strokes and could continue to work. 
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O Fig. 5.27 Punching tools with a reinforcing coating (for the «Trumatic 200R» 
sheet-processing press) 


5.2.2.2.3 Testing of punching tools with hardening coating (for sheet- 
processing center Finn-Power) 


When testing the press-stamping tool with the developed coatings 
used for processing sheets of the FINN-POWER center (JSC «Plant named 
after Frunze» (Kharkiv), a service life was achieved before the first regrind- 
ing, more than 2 times longer than the warranty period indicated the ma- 
nufacturer of this center. 





O Fig. 5.28 Punching tools with a reinforcing coating for the Finn-Power sheet- 
processing center (JSC «Plant named after Frunze» (Kharkiv)) 


It is important to note that during regrinding, the functional properties 
of the coating are preserved and the coated tool works fine after regrinding 
without subsequent recoating. So, a punch of square section 10x10 with 
a coating before the first regrinding worked 91,600 strokes, after the se- 
cond — 75600 strokes, after the third regrinding it continued to work nor- 
mally, and therefore a decision was made about the sufficiency of the infor- 
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mation received about the operability of the coated tool and in the future the 
control of its operation was not carried out. 

When regrinding a coated tool, as shown by tests, to restore the sharp- 
ness of the working edge, it is required to remove a layer of about 0.1 mm, 
while without a coating, it is necessary to remove a layer of about 0.2 mm. 

All this as a whole provides a significant increase in the service life of 
the coated tool. 


5.2.2.2.4 Manufacturing of Multitools punching tools with 
hardening nanocoating 


Reinforcing coatings were applied to the punching die tool Multitool of 
JSC «Electric machine-building plant «SELMA Firm», Simferopol. 





























O Fig. 5.29 Punching tools Multitools with reinforcing coatings 
(JSC «Electric machine-building plant «SELMA Firm», Simferopol) 


Punching tools Multitools with hardening nanocoating applied by 
STC «Nanotechnology» showed excellent results when working under 
conditions of serial production at the JSC «Electric machine-building 
plant «SELMA Firm», Simferopol). 

Thus, the experience of working in the conditions of serial production 
of domestic press tools with our coatings for various sheet-processing cen- 
ters (Behrens, Trumatic, Amada, Finn-Power) shows a significant increase 
in its stability (from 3 to 10 times and more) compared to the tool without 
coatings. With the optimal number of one-time loading of the tool into the 
chamber of technological equipment for coating, its cost increases from 
15-20 % to 30—40 % of the manufacturing cost. This makes it quite competi- 
tive both in quality and in price with imported tools. 
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The use of wear-resistant and antifriction nanocomposite coatings on 
the mold replacement parts of the dies allows solving the following problems: 
Extension of service life. 

Improving the surface/chrome quality of products. 
Improved product removal. 

Reduced repair and restoration costs. 
Replacement of electroplated coatings. 

Reduced consumption. 

The developed coatings demonstrate high application efficiency on the 
following types of shaping tools: 

1. Die cut (recommended VPNM coating). The coating works espe- 
cially effectively when cutting sheet metals: steel, brass, copper. Resistant 
to damage at the die edges performs the same function as on cutters under 
shock loads. The coating protects products from tear formation during 
cutting, because even with wear of the coating along the cutting edge, it 
remains for a long time on the adjacent surfaces of the matrix and punch. 
Increases die durability by 3 or more times. Improves the quality of finished 
products (eliminates burrs). 

2. Bending die (recommended VPNM-f coating with improved anti- 
friction characteristics). The coating on the bending die reduces the friction 
of the manufactured part against the die. In this regard, a more complete 
formation of the part occurs, the possibility of scoring is eliminated, the 
possibility of the part «sticking» to the stamp is reduced. 

3. Flaring die, draw die (recommended VPNM-f coating). As in the 
case of the bending die, reducing the friction between the workpiece and 
the working surface of the die and simultaneously strengthening it signifi- 
cantly increases the service life of the die and contributes to a better shape 
of the product. 

















O Fig. 5.30 Stamps with Avinit coatings (State Scientific and Production Enterprise 
«Kommunar Association» (Kharkiv) 
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5.2.2.3 Wear-resistant reinforcing coatings for improved broaching 
and piercing performance 


Avinit multicomponent coatings reduce abrasive wear, which prevails 
at low cutting speeds, and adhesive wear at medium to high cutting speeds, 
and reduce metal adhesion on the back surfaces, which leads to improved 
surface quality and reduced cutting forces and tool wear. 

The covers can be used for both internal and external broaches. 











O Fig. 5.31 Broaches with Avinit coating (SE Zoria-Mashproekt (Mykolaiv)) 


Thus, the use of Avinit coatings makes it possible to achieve a manifold 
increase in the wear resistance and service life of cutting and shaping tools. 
The effect is achieved by applying very thin (0.1—5 um) wear-resistant coatings, 
obtained using nanotechnology, on the working surfaces of parts. Finish coat- 
ing operation does not affect the preliminary manufacturing process of parts. 
The small thickness of the coatings does not require a change in the size of the 
tolerances for their dimensions. Ultra-high rigidity of coatings and extremely 
high adhesion strength of coatings with a variety of substrates provide an in- 
crease in the wear resistance of cutting and shaping tools by 3-30 times, stamps 
by 5-100 times, rubbing parts against abrasive materials by 10—100 times. 


5.2.2.4 Modification of Avinit coatings 


We have modified Avinit coatings [161, 162] by developing an im- 
proved multi-component wear-resistant ion-plasma coating Avinit for 
strengthening cutting and shaping tools. 

The improved coating contains, along with the elements Ti and Al, 
molybdenum, chromium, vanadium and silicon in the composition of the 
coating (Ti-Al-Mo-Cr-V-Si) N. 

The introduction of additional alloying elements (Mo, Cr, V, Si) into 
the composition of the Ti-Al-N coating, capable of forming high-hard, 
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strong high-enthalpy nitride compounds (Mo.N, CrN, VN, Si3N), sig- 
nificantly increases the wear-resistant and mechanical properties of 
the coating. 

The method of forming a coating on a metal substrate is as follows. 
The coating is obtained by the method of vacuum-arc deposition from the 
plasma phase in an atmosphere of a nitrogen reaction gas with ion bom- 
bardment. Deposition is carried out from two cathodes — alloyed titanium 
cathode, which contains impurities of molybdenum, chromium, vanadium 
in the following ratio of components, (%) (Table 5.30): 


O Table 5.30 Content of elements in cathode 1 


The content of the element in i ba os Me 


MGeotiod= (2) 7oacees | 455 0.5-1.5 455 


and alloyed aluminum cathode, which contains silicon impurities in the 
following ratio of components, (%) (Table 5.31): 





O Table 5.31 Content of elements in cathode 2 


The content of the element in the al Sl 


cathode, (%) 70.7-76.6 20-22 


Before being placed in a vacuum chamber, the products to be coated 
and the control samples were washed in gasoline, wiped with alcohol, and 
installed in the sockets of the rotary planetary mechanism of the table of 
the vacuum-arc unit of the Avinit installation, located in a circle. Fused 
titanium cathode and alloyed aluminum cathode were used as sputtered 
cathode materials. 

The reaction chamber was evacuated to a pressure of 6.6x10-3 Pa, argon 
was admitted to a pressure of 2x10" Pa, the glow discharge was ignited, and 
the discharge current was set at 20 A. 20 V to 1000 for 30 min. 

Then the products were processed in a high-density argon plasma. For 
this, argon was admitted to a pressure of 2x10 Pa through a gas plasma 
generator, the gas discharge was ignited, the gas discharge current was set 
at 20 A, gradually increasing the shear potential on the parts to be coated 
from 20 V to 400...500 V, the parts were heated to 400...500 °C and purified 
in an argon gas discharge for 30 min. 

After that, argon was replaced with nitrogen at the same operating 
pressure in the chamber Py =(1.33...4.0)-107! Pa and an arc discharge 
was ignited on both cathodes with the technological parameters given 
in Table 5.32. 
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When processing titanium in plasma at a discharge current [,(Ti)= 
=80-120 A and aluminum at a discharge current [,(Al)=90-140 A and 
a bias potential U.=50-150 V in a nitrogen atmosphere at a pressure of 
Pyo=(1, 33...4.0)-10°! Pa, the plasma phase, along with titanium and alumi- 
num ions, additionally contains ions of molybdenum, chromium, vanadium 
and silicon, which are part of the coating. 

The coating was carried out for 120 minutes. The coating thickness 
reached 8...10 um. 

Table 5.32 shows the dependence of the composition of the obtained 
coatings on technological parameters and some properties of the coatings. 

For comparison in Table 5.32 shows the characteristics of Ti-N and 
Ti-Al-N coatings obtained on the same equipment, but not from alloyed, but 
from pure cathodes. 

The optimal technological parameters of the process are as follows: 
I,(Ti) =90 A, I,(Al)=110 A, U-=110 V, Pyn=2.0-10"! Pa). 

In this case, Avinit coatings are formed with the following ratio of com- 
ponents (%) (Table 5.33): 





O Table 5.33 The ratio of the components in the Avinit coating 
Ti Al Vv Ey Mo Si N 


65.0 i) 4.6 ES) 4.5 2S) 14.4 


Preliminary tests have shown that the developed coatings make it pos- 
sible to achieve a manifold increase in the wear resistance and service life of 
cutting and shaping tools. 
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